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  range	   of	   techniques	   exists	   for	   the	   characterisation	   of	   the	   phosphoproteome,	  
the	  most	  effective	  of	  which	  is	  mass	  spectrometry	  (MS);	  however,	  enrichment	  of	  
phosphorylated	   peptides	   is	   a	   necessary	   prerequisite.	   	   Current	   enrichment	  
strategies	   are	   inadequate,	   either	   due	   to	   low	   selectivity	   or	   because	   they	   involve	  
chemical	  modification	  of	  the	  sample.	  
	  
Adapting	   molecular	   imprinting	   technology,	   we	   have	   designed	   and	   synthesised	   a	  
series	   of	   prototype	   synthetic	   phospho-­‐receptors,	   termed	   "Functional	   Group	  
Imprinted	  Polymers"	  (FIPs).	   	  We	  define	   'FIPs'	  as	   imprinted	  polymers	  that	  selectively	  
recognise	  molecules	   due	   to	   the	   presence	   of	   a	   particular	   functional	   group	   -­‐	   in	   this	  
case,	  the	  phosphate	  monoester	  -­‐	   irrespective	  of	  the	  type,	  class,	  substructure	  or	  size	  
of	  the	  molecule.	  	  	  
	  
Thus,	   two	   types	  of	   polymeric	   binding	   site	  have	  been	   investigated,	   one	  based	  on	  a	  
novel	   isothiouronium	  monomer	   and	   the	   other	   based	   on	   a	   novel	   gallium-­‐chelated	  
species.	   	   A	   water-­‐soluble	   crosslinker,	   completely	   new	   to	   the	   field	   of	   molecular	  
imprinting,	   has	   been	   shown	   to	   be	   an	   excellent	   crosslinker	   for	   water-­‐compatible	  
[functional	   group	   or	  molecular]	   imprinting	   applications,	   superior	   to	   currently	   used	  
crosslinkers.	   	   Initial	   binding	   experiments,	   using	   a	   range	   of	   simple	   test	   systems,	  
indicate	   that	   the	   FIPs	   -­‐	   in	   particular,	   those	   based	   on	  Ga(III)	   -­‐	   bind	   phosphorylated	  
species	  with	  selectivity	  over	  other	  oxyanionic	  functional	  groups	  (carboxylate,	  sulfate,	  
sulfonate);	   the	   phosphorylated	   analytes	   are	   subsequently	   released	   using	   mild	  
conditions.	   	   Furthermore,	   because	   the	   selectivity	   of	   the	   imprinted	  polymers	   is	   not	  
confined	  to	  the	  molecule	  originally	  used	  as	  template	  (cf.	  conventional	  MIPs),	  but	   is	  
instead	  for	  the	  phosphate	  monoester	  functional	  group	  substructure,	  this	  is	  excellent	  
initial	   evidence	   in	   favour	   of	   the	   functional	   group	   imprinting	   concept.	   	   Comparison	  
with	   the	   phosphoselective	   recognition	   of	   non-­‐imprinted,	   control	   polymers,	   clearly	  
demonstrates	   a	   functional	   group	   imprinting	   effect.	   	   However,	   initial	   binding	  
experiments	   using	   peptide	   mixtures,	   indicate	   that	   further	   optimisation	   must	   be	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carried	   out	   to	   lessen	   the	   co-­‐extraction	   of	   nonphosphorylated	   peptides	   containing	  
multiple	  carboxylic	  residues.	  
	  
Phosphoproteomic	  analysis	  affords	  a	  means	  of	  elucidating	  new	  therapeutic	   targets	  
as	  well	  as	  furthering	  physiological	  understanding.	  	  Protein	  phosphorylation	  underlies	  
the	   regulation	   and	   dysregulation	   of	   virtually	   all	   cellular	   processes,	   and	   kinase	  
substrates	   are	   implicated	   in	   many	   high	   impact	   diseases	   including	   cancer	   and	  
Alzheimer's	   disease.	   	   An	   optimised	   realisation	   of	   the	   FIP	   concept	   would	   greatly	  
facilitate	  progress	  in	  phosphoproteomic	  research.	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Figure	   1-­‐1	   Overview	   of	   protein	   phosphorylation	   (kinase-­‐catalysed)	   and	   dephosphorylation	  
(phosphatase-­‐catalysed).	  
Figure	  1-­‐2	  Typical	  phosphate	  derivatives	  found	  in	  biological	  systems.	  
Figure	  1-­‐3	  Structures	  of	  (left)	  IDA-­‐	  and	  (right)	  NTA-­‐derived	  solid	  phases	  used	  in	  IMAC.	  	  	  
Figure	  1-­‐4	  Overview	  of	  IMAC	  for	  phosphopeptide	  enrichment.	  
Figure	  1-­‐5	  Overview	  of	  TiO2	  chromatography	  for	  phosphopeptide	  enrichment.	  
Figure	  1-­‐6	  Binding	  modes	  of	  salicylate	  and	  phosphate	  species	  adsorbed	  to	  TiO2	  at	  pH	  2.3,	  as	  proposed	  
by	  Larsen	  et	  al.	  Redrawn	  from	  reference	  [16].	  
Figure	  1-­‐7	  Overlap	  between	  phosphopeptide	  isolation	  methods	  on	  the	  level	  of	  phosphorylation	  sites	  
identified	  in	  the	  study	  of	  Aebersold	  et	  al.	  	  Figure	  taken	  from	  reference	  [17].	  
Figure	   1-­‐8	  Section	  of	   the	  X-­‐ray	  crystal	   structure	  of	  Src	  kinase	   in	  complex	  with	  an	  O-­‐phosphorylated	  
YEEI	  tetrapeptide.	  Figure	  taken	  from	  reference	  [18].	  
Figure	   1-­‐9	   SH2	   Syp	   domain	   in	   complex	  with	   phospho-­‐tyrosine;	   this	   illustrates	   the	   range	   of	   binding	  
interactions	  	  involved	  in	  phosphate	  binding	  sites.	  Redrawn	  from	  reference	  [19].	  
Figure	   1-­‐10	   Pictorial	   representation	   of	   molecular	   imprinting,	   showing:	   i)	   formation	   of	  
pre-­‐polymerisation	   complex;	   ii)	   polymerisation;	   iii)	   removal	   of	   template	   molecule	   to	   generate	  
molecularly	  imprinted	  recognition	  site.	  
Figure	   1-­‐11	   Cartoon	   illustrating	   difference	   between	   (top)	   conventional	   approach	   to	   non-­‐covalent	  
molecular	  imprinting	  (low	  affinity	  binding	  sites)	  and	  (bottom)	  stoichiometric	  non-­‐covalent	  molecular	  
imprinting	  (high	  affinity	  binding	  sites).	  	  	  
Figure	  1-­‐12	  Example	  of	  a	  urea-­‐/thiourea-­‐based	  host	  species	  proposed	  by	  Hamilton	  et	  al.	  for	  binding	  
to	  oxyanionic	  species	  (in	  this	  example	  glutaric	  acid).	  	  Redrawn	  from	  [20].	  
Figure	  1-­‐13	  Some	  urea-­‐based	  functional	  monomers	  used	  by	  Hall,	  Sellergren	  et	  al.	  [21]	  
Figure	  1-­‐14	  Pre-­‐polymerisation	  complex	  between	  urea-­‐derived	  host	  monomers	  and	  Fmoc-­‐pTyr-­‐OMe	  
template	  molecule.	  	  Redrawn	  from	  [22].	  
Figure	  1-­‐15	  Phosphate	  selective	  monomers	  screened	  by	  Breton	  et	  al.	  [23]	  for	  imprinting	  with	  AMP.	  
Figure	  1-­‐16	  Pictorial	  representation	  of	  the	  'epitope	  approach'	  according	  to	  Rachkov	  and	  Minoura	  [24].	  
Figure	  1-­‐17	  Schematic	  diagram	  showing	  relative	  sizes	  of	  MIP	  pores,	  binding	  sites	  and	  typical	  proteins	  
{numerical	  values	  taken	  from	  reference	  {Rachkov,	  2001	  #571}}	  .	  
Figure	  1-­‐18	  Pictorial	  illustration	  of	  the	  Functional	  Group	  Imprinted	  Polymer	  concept.	  
Figure	  2-­‐1	  Example	  of	  a	  polyammonium	  macrocycle	  designed	  for	  binding	  to	  phosphate	  [redrawn	  from	  
[2]].	  
Figure	   2-­‐2	   Binding	   interactions	   between	   guanidinium	   functionalities	   and	   oxyanions,	   as	   observed	   in	  
X-­‐ray	  structures	  of	  the	  corresponding	  salts	  [redrawn	  from	  [2]]	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Figure	   2-­‐3	  Proposed	  binding	  geometry	  between	  urea-­‐	   (or	   thiourea-­‐)	  based	  hosts	   and	  a	   carboxylate	  
(left)	   and	   a	   phosphate	   (right).	   	   Urea	   and	   thiourea	   bind	   oxyanions	   via	   two	   parallel	   hydrogen	   bonds	  
donor	  groups,	  thereby	  forming	  a	  six-­‐membered	  chelate	  ring.	  
Figure	   2-­‐4	   Isothiouronium-­‐functionalised	   monomer	   (ITU-­‐FM)	   custom-­‐designed	   for	   first-­‐generation	  
phosphoselective	  FIP.	  
Figure	   2-­‐5	   Binding	   geometries	   proposed	   by	   Yeo	   et	   al.	   for	   complexation	   between	   a	   bidentate	  
isothiouronium	   receptor	   and	   (top)	   PhCO2
-­‐	   or	   (bottom)	   H2PO4
-­‐.	   R	  =	  CH2C6H5(p-­‐NO2);	   R'	  =	  n-­‐Bu.	  
[Redrawn	  from	  [4]]	  
Figure	  2-­‐6	  Expansions	  of	  NMR	  spectrum	  of	  ITU-­‐FM/ITU-­‐FM'.	  	  	  
Figure	   2-­‐7	   Theoretical	   structures	   of	   four	   possible	   interconverting	   isomers	   of	   functional	   monomer	  
ITU-­‐FM/ITU-­‐FM'.	  	  	  
Figure	  2-­‐8	  Expansion	  of	  phase-­‐sensitive	  NOESY	  spectrum	  of	  ITU-­‐FM/	  ITU-­‐FM'.	  	  
Figure	   2-­‐9	   Expansion	   of	   1H	   NMR	   spectrum	   of	   ITU-­‐FM/ITU-­‐FM'	   taken	   at	   298	  K	   (top);	   and	   at	   328	  K	  
(bottom).	  	  
Figure	  2-­‐10	   Illustration	  of	  the	  proximity	  of	  methyl	  and	  NH	  in	  structure	  B	  (left)	  and	  phenyl	  and	  NH	  in	  
structure	  C	  (right).	  	  	  
Figure	   2-­‐11	   Expansions	   of	   1H	   NMR	   spectrum	   of	   ITU-­‐FM	   (top)	   and	   a	   mixture	   of	   ITU-­‐FM	   and	  
ADPHOS-­‐TBA	   (0.7:0.3	   ratio)	   (bottom)	   showing	   the	   disappearance	   of	   separate	   peaks	   for	   isomers	  
ITU-­‐FM/ITU-­‐FM'	  ).	  	  
Figure	   2-­‐12	   Proposed	   template	   molecule	   for	   first-­‐generation	   phosphoselective	   FIP:	   1-­‐adamantyl	  
phosphate.	  
Figure	   2-­‐13	   Classes	   of	   phosphorylating	   agents	   typically	   used	   in	   nucleotide	   chemistry:	   (left-­‐right)	  
phosphoridate;	  phosphorochloridate;	  phosphoridite;	  phosphorochloridite;	  phosphoramidite.	  
Figure	   2-­‐14	   Two	   possible	   mechanisms	   leading	   to	   formation	   of	   H-­‐phosphonate	   (60)	   from	   the	  
corresponding	   phosphite:	   (top)	   decomposition	   via	   a	   five-­‐membered	   transition	   state	   results	   in	  
elimination	  of	  an	  alkene;	  (bottom)	  two	  molecules	  of	  water	  and	  the	  phosphite	  form	  a	  six-­‐membered	  
transition	  state	  involving	  proton	  transfer	  and	  loss	  of	  an	  alcohol.	  
Figure	  2-­‐15	  Example	  of	  a	  typical	  Job's	  Plot	  (in	  this	  case	  the	  complex	  is	  in	  1:1	  host:guest	  stoichiometry).	  
[Redrawn	  from	  [3]].	  
Figure	  2-­‐16	  Job's	  Plots	  to	  determine	  complexation	  stoichiometry	  between	  ITU-­‐FM	  and	  ADPHOS-­‐TBA,	  
constructed	   	   from	   change	   in	   1H	   chemical	   shift	   of	   (left)	   methyl	   (HF/HF')	   and	   (right)	   benzyl	   (HE/HE')	  
protons	  of	  host	  ITU-­‐FM	  in	  the	  presence	  of	  guest	  ADPHOS-­‐TBA.	  	  
Figure	  2-­‐17	   Job's	  Plot	  to	  determine	  complexation	  stoichiometry	  between	  ITU-­‐FM	  and	  ADPHOS-­‐TBA,	  
constructed	  	  from	  change	  in	  31P	  chemical	  shift	  of	  guest	  ADPHOS-­‐TBA	  in	  the	  presence	  of	  host	  ITU-­‐FM.	  	  	  
Figure	  2-­‐18	  Proposed	  in-­‐solution	  (CDCl3)	  1:1	  (left)	  and	  2:1	  (right)	  monomer	  :	  template	  complexes,	  as	  
determined	  from	  Job's	  Plots.	  
Figure	   2-­‐19	   Phenyl	   phosphate	   (58),	   used	   as	   phosphorylated	   guest	   molecule	   in	   complexation	  
experiments	  with	  ITU-­‐FM.	  
Figure	  2-­‐20	  Appearance	  of	  FIP1(ITU,ADPHOS)	  monolith	  following	  polymerisation.	  
Figure	  2-­‐21	  Scanning	  electron	  micrographs	  of:	  (top)	  FIP1(ITU,ADPHOS);	  (middle)	  NIP1(ITU);	  (bottom)	  
NFP1(EGDMA),	  following	  all	  wash/	  template	  removal	  steps.	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Figure	  2-­‐22	  SEM	  micrographs	  reported	  by	  Benito-­‐Peña	  et	  al.,	  showing	  differences	  in	  surface	  texture	  
between	  (top)	  a	  MIP	  and	  (bottom)	  a	  NIP.	  	  Images	  taken	  from	  reference	  [25].	  	  	  
Figure	  3-­‐1	  Set-­‐up	  of	  Binding	  Assay:	  Polymer	  Substrate	  Selectivity	  in	  Organic	  Solvent.	  
Figure	  3-­‐2	  Binding	  Assay:	  Polymer	  Substrate	  Selectivity	  in	  Organic	  Solvent:	  	  2-­‐acetonaphthone,	  used	  
as	  HPLC	  internal	  standard.	  
Figure	   3-­‐3	   Binding	   Assay:	   Polymer	   Substrate	   Selectivity	   in	   Organic	   Solvent:	   Expansion	   of	   HPLC	  
chromatogram	   of	   mixture	   of	  N-­‐PHOS-­‐TBA	   (3.1	  min),	  N-­‐ACET-­‐TBA	   (6.8	  min)	   and	   2-­‐acetonaphthone	  
(9.9	  min).	  
Figure	  3-­‐4	  Binding	  Assay:	  Polymer	  Substrate	  Selectivity	   in	  Organic	  Solvent:	  Solution	  concentrations	  
of	  N-­‐PHOS-­‐TBA	  and	  N-­‐ACET-­‐TBA	  at	   t=0	  and	  at	  equilibrium	   in	  FIP	  and	  NIP	  equilibrations.	   	  Calculated	  
using	  2-­‐acetonaphthone	  as	  HPLC	  internal	  standard.	  	  
Figure	   3-­‐5	   Illustration	   of	   simple	   model	   of	   binding	   site	   distribution	   within	   FIP1(ITU,ADPHOS)	   and	  
NIP1(ITU).	  
Figure	  3-­‐6	  Binding	  Assay:	  Polymer	  Substrate	  Selectivity	  in	  Organic	  Solvent:	  Proposed	  involvement	  of	  
NIP	  (left)	  and	  FIP	  (centre)	  binding	  site	  subpopulations	  in	  phosphospecific	  and	  non-­‐specific	  binding	  of	  
the	   two	   analytes,	   where	   non-­‐specific	   binding	   sites	   are	   defined	   as	   those	   exhibiting	   equal	   affinity/	  
selectivity	  for	  the	  two	  analytes.	  	  
Figure	  3-­‐7	  Binding	  Assay:	  Polymer	  Substrate	  Selectivity	   in	  Organic	   Solvent:	  HPLC	  chromatogram	  of	  
total	  remaining	  extracts	  washed	  from	  FIP1(ITU,ADPHOS)	  after	  24	  h	  soxhlet	  extraction	  in	  5%	  v/v	  AcOH	  
in	  CHCl3.	  
Figure	  3-­‐8	  Binding	  Assay:	  Polymer	  Substrate	  Selectivity	  in	  Organic	  Solvent:	  Amounts	  of	  N-­‐PHOS-­‐TBA	  
and	  N-­‐ACET-­‐TBA	   removed	  from	  the	  polymers,	  via	  soxhlet	  extraction	  using	  5%	  v/v	  AcOH	  in	  CHCl3,	  as	  
determined	   from	  quantitative	  HPLC	   analysis	   of	   total	   remaining	   extracts	   using	   2-­‐acetonaphthone	   as	  
HPLC	  internal	  standard.	  
	  
Figure	  3-­‐9	  Binding	  Assay:	  Polymer	  Substrate	  Selectivity	  in	  Organic	  Solvent:	  Amounts	  of	  N-­‐PHOS-­‐TBA	  
and	  N-­‐ACET-­‐TBA	  removed	  from	  the	  polymers,	  via	  stirring	  in	  5%	  v/v	  TFA	  in	  CHCl3,	  as	  determined	  from	  
quantitative	  HPLC	  analysis	  using	  2-­‐acetonaphthone	  HPLC	  internal	  standard.	  
Figure	  4-­‐1	  Examples	  of	  metal-­‐mediated	  interactions	  within	  imprinted	  polymers.	  
Figure	  4-­‐2	  Ligands	  developed	  by	  Blacken	  et	  al.	  for	  Ga3+-­‐mediated	  affinity	  capture	  mass	  spectrometry	  
of	  phosphopeptides	  [10].	  
Figure	   4-­‐3	   Polymeric	   Ga-­‐coordinated	   ligand	   developed	   by	   Rininsland	   et	   al.	   for	   the	   detection	   of	  
phosphorylated	  peptides	  and	  proteins	  [9].	  	  	  
Figure	   4-­‐4	   [left]	   IMAC	   octahedral	   metal(II)-­‐IDA-­‐water	   complex;	   [right]	   	   IMAC	   octahedral	   metal(II)-­‐
NTA-­‐water	  complex	  (structures	  proposed	  by	  Holmes	  and	  Schiller	  [12]).	  
Figure	  4-­‐5	  General	  structure	  of	  Pro-­‐Q®	  Diamond	  phosphoprotein	  gel	  stain/	  enrichment	  resin	  [1].	  
Figure	  4-­‐6	  Proposed	  functional	  monomer	  for	  the	  2nd-­‐generation	  FIP	  
Figure	   4-­‐7	   Suggested	   possible	   complexation	   structures	   of	   Ga(III)-­‐mediated	   phosphomonoester	  
recognition	  by	  ligand	  74,	  based	  on	  what	  is	  known	  about	  related	  structures	  in	  the	  literature.	  	  
Figure	  4-­‐8	  Ligands	  used	  in	  the	  Buchwald-­‐Hartwig	  amination:	  (left)	  2-­‐(di-­‐tert-­‐butylphosphino)biphenyl;	  
(right)	  2-­‐(dicyclohexylphosphino)biphenyl.	  
Figure	  4-­‐9	  Expansion	  of	  1H	  NMR	  spectra	  of	  samples	  1-­‐3	  and	  5-­‐8.	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Figure	  4-­‐10:	  Expansion	  of	  COSY	  NMR	  spectrum	  of	  sample	  6.	  	  	  
Figure	  4-­‐11	  Pictorial	  representation	  of	  the	  two	  sets	  of	  magnetically	  inequivalent	  protons	  in	  each	  CH2	  
group	   upon	   complexation	   of	   FM88	   to	   Ga3+.	   	   This	   suggests	   that	   the	   imino	   nitrogen	   is	   involved	   in	  
complexation.	  
Figure	  4-­‐12	  Expansion	  of	  1H	  NMR	  spectra	  of	  samples	  1-­‐3	  and	  5-­‐8.	  	  
Figure	  4-­‐13	  Expansion	  of	  1H	  NMR	  spectra	  of	  samples	  1-­‐3	  and	  5-­‐8.	  	  
Figure	  4-­‐14	  Job's	  plots	  constructed	  from	  1H	  δΔ 	  of	  (top)	  aromatic	  proton	  d	  and	  (bottom)	  OCH3	  protons	  
of	  ligand	  FM88	  in	  the	  presence	  of	  increasing	  mole	  fractions	  of	  Ga3+.	  	  	  
	  
Figure	  4-­‐15	  Examples	  of	  Ga(III)	  complexes	  reported	  in	  the	  literature,	  where	  the	  complex	  is	  formed	  in	  
acidic	  solutions.	  
	  
Figure	  4-­‐16	  	  Sodium	  inosine	  monophosphate.	  
	  
Figure	  4-­‐17	  Expansion	  of	  1H	  NMR	  spectra	  of	  samples	  1-­‐4.	  	  	  
Figure	  4-­‐18	  Expansion	  of	  13C	  NMR	  spectra	  of	  samples	  1-­‐4.	  	  
Figure	  4-­‐19	  Expansion	  of	  13C	  NMR	  spectra	  of	  samples	  1-­‐4.	  	  
Figure	  4-­‐20	  Pictorial	  representation	  of	  the	  two	  sets	  of	  magnetically	  inequivalent	  protons	  in	  each	  CH2	  
group	   upon	   complexation	   of	   IDA	   to	   Ga3+.	   	   This	   suggests	   that	   the	   imino	   nitrogen	   is	   involved	   in	  
complexation.	  
Figure	  4-­‐21	  Expansion	  of	  1H	  NMR	  spectra	  of	  samples	  6-­‐8.	  	  
Figure	  4-­‐22	  Expansion	  of	  31P	  NMR	  spectra	  of	  samples	  5-­‐8.	  	  
Figure	  5-­‐1	  Structure	  of	  PEGDA.	  	  	  
Figure	  5-­‐2	  Appearance	  of	  polymer	  monoliths	  prior	  to	  drying.	  	  
Figure	  5-­‐3	  Appearance	  of	  dried	  polymer	  monoliths.	  
Figure	  5-­‐4	  Expansions	  of	  (top)	  1H	  NMR	  spectra	  and	  (bottom)	  13C	  NMR	  spectra	  of:	  (A/A')	  PEGDA	  in	  D2O	  
(no	  NaOD);	  (B/B')	  PEGDA	  in	  NaOD/	  D2O	  (pD	  =	  14.4);	  (C/C')	  acrylic	  acid	  in	  NaOD/	  D2O	  (pD	  14.4).	  	  	  
Figure	   5-­‐5	   Expansions	   of	   1H	   NMR	   spectra	   of	   lyophilised	   filtrates	   of	   poly(PEGDA)	   pH	   stability	   test.	  	  
Signals	  at	  approximately	  3.7	  ppm	  assigned	  to	  ethylene	  glycol	  (degradation	  of	  polymer	  backbone).	  
Figure	  5-­‐6	  Bis(acrylamide)	  and	  bis(methacrylamide)	  monomers	  studied	  by	  Moszner	  et	  al.	  [5].	  	  	  
Figure	  5-­‐7	  Bis(acrylamide)-­‐based	  crosslinkers	  chosen	  for	  incorporation	  in	  our	  second-­‐generation	  FIPs.	  	  
The	  acrylamide	  moiety	  was	  expected	   to	  possess	  much	  greater	  hydrolytic	   stability	   than	   the	  acrylate	  
esters	  used	  in	  Section	  5.3.	  
Figure	  5-­‐8	  SEM	  images	  of	  (top)	  polymer	  pDMBAP(H2O),	  prepared	  from	  polymerisation	  of	  monomer	  
DMBAP	   in	  H2O	  and	  (bottom)	  polymer	  pDMBAP(NaOAc),	  prepared	  from	  polymerisation	  of	  the	  same	  
monomer	  in	  500	  mM	  NaOAc	  [pH	  4.0].	  	  No	  pores	  are	  observed	  at	  this	  magnification.	  
Figure	  5-­‐9	  SEM	  images	  of	  polymer	  pDMBADOOM(H2O),	  prepared	  from	  polymerisation	  of	  monomer	  
DMBADOOM	  in	  H2O.	  	  	  
Figure	   5-­‐10	   SEM	   micrographs	   of	   surface	   of	   polymers	   prepared	   from	   polymerisation	   of	   monomer	  
DMBAP	  in:	  (top)	  1:1	  v/v	  H2O	  :	  EtOH;	  (middle)	  EtOH;	  (bottom)	  1:1	  v/v	  H2O	  :	  NMP.	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Figure	  5-­‐11	  Unimodal	  heterogeneous	  affinity	  distribution	  of	  binding	  sites	  proposed	  by	  Umpleby	  et	  al.	  
to	  be	  present	  in	  MIPs.	  	  N	  =	  number	  of	  sites;	  K	  =	  association	  constant.	  	  [Adapted	  from	  Umpleby	  et	  al.]	  
Figure	  6-­‐1	  Set-­‐up	  of	  Binding	  Assay:	  Substrate	  Selectivity	  in	  pH	  4.0	  Acetate	  Buffer:	  Imprint	  Template	  
Molecule	  (Inosinic	  Acid)	  versus	  Nonphosphorylated	  Analogue	  (Inosine).	  
Figure	  6-­‐2	  Expansion	  of	  HPLC	  chromatogram	  of	  inosinic	  acid	  (3.7	  min)	  and	  inosine	  (5.5	  min).	  	  	  
Figure	  6-­‐3	  Binding	  Assay:	  Substrate	  Selectivity	  in	  pH	  4.0	  Acetate	  Buffer:	  Imprint	  Template	  Molecule	  
(Inosinic	   Acid)	   versus	   Nonphosphorylated	   Analogue	   (Inosine):	   Calibration	   curves	   for	   (left)	   inosinic	  
acid	  and	  (right)	  inosine.	  	  
Figure	  6-­‐4	  Binding	  Assay:	  Substrate	  Selectivity	  in	  pH	  4.0	  Acetate	  Buffer:	  Imprint	  Template	  Molecule	  
(Inosinic	   Acid)	   versus	   Nonphosphorylated	   Analogue	   (Inosine):	   Plots	   showing	   supernatant	  
concentrations	  of	  the	  analytes	  after	  equilibration,	  as	  a	  percentage	  of	  concentrations	  at	  t=0.	  	  
Figure	  6-­‐5	  Binding	  Assay:	  Substrate	  Selectivity	  in	  pH	  4.0	  Acetate	  Buffer:	  Imprint	  Template	  Molecule	  
(Inosinic	  Acid)	   versus	  Nonphosphorylated	  Analogue	   (Inosine):	  Plots	  showing	  molar	  amounts	  of	   the	  
analytes	  (as	  a	  percentage	  of	  amounts	  at	  t=0)	  in	  the	  first	  extraction	  step	  (E1)	  from	  each	  binding	  assay.	  	  	  
Figure	  6-­‐6	  Binding	  Assay:	  Substrate	  Selectivity	  in	  pH	  4.0	  Acetate	  Buffer:	  Imprint	  Template	  Molecule	  
(Inosinic	  Acid)	  versus	  Nonphosphorylated	  Analogue	  (Inosine):	   Imprinting	  Effect	  (IE),	  calculated	  from	  
NIP	   supernatant	   concentration	   minus	   FIP	   supernatant	   concentration,	   where	   these	   concentration	  
values	  used	  are	  as	  a	  percentage	  of	  the	  concentrations	  at	  t=0.	  	  
Figure	  6-­‐8	  Set-­‐up	  of	  Binding	  Assays:	  Selective	  Recognition	  of	  Phosphorylated	  Substrates	  other	  than	  
the	  Imprint	  Template,	  and	  Determination	  of	  Effect	  of	  Solution	  pH	  on	  Recognition	  Performance.	  
Figure	  6-­‐9	  Expansion	  of	  HPLC	  chromatogram	  of	  equimolar	  mixture	  of:	  analyte	   iii	  (C,	  PM)	  [40.3	  min];	  
analyte	  i	  (PM)	  [43.2	  min];	  analyte	  ii	  (C)	  [48.9	  min];	  analyte	  iv	  (C,	  PD)	  [53.1	  min].	  	  	  
Figure	   6-­‐10	   Binding	   Assays:	   Selective	   Recognition	   of	   Phosphorylated	   Substrates	   other	   than	   the	  
Imprint	   Template,	   and	   Determination	   of	   Effect	   of	   Solution	   pH	   on	   Recognition	   Performance:	  
Calibration	  curves	  for	  analytes	  i-­‐iv.	  	  
Figure	   6-­‐11	   Binding	   Assays:	   Selective	   Recognition	   of	   Phosphorylated	   Substrates	   other	   than	   the	  
Imprint	   Template,	   and	  Determination	   of	   Effect	   of	   Solution	   pH	   on	   Recognition	   Performance:	  Plots	  
showing	   supernatant	   concentrations	   of	   the	   analytes	   after	   equilibration,	   as	   a	   percentage	   of	  
concentrations	  at	  t=0.	  	  	  
Figure	   6-­‐11a	   Binding	   Assays:	   Selective	   Recognition	   of	   Phosphorylated	   Substrates	   other	   than	   the	  
Imprint	   Template,	   and	  Determination	   of	   Effect	   of	   Solution	   pH	   on	   Recognition	   Performance:	   Plots	  
showing	  difference	  between	  percentage	  uptake	  of	  analyte	   i	   (PM)	  and	  analyte	   ii	   (C),	  determined	  by	  
calculating	  value	  of	  analyte	  i	  (PM)	  as	  a	  percentage	  of	  analyte	  ii	  (C)	  (from	  Tables	  6-­‐3	  to	  6-­‐5)	  in	  order	  to	  
ascertain	  which	  equilibration	  pH	  is	  optimal	  for	  phosphate	  monoester	  enrichment.	  
	  
Figure	   6-­‐11b	   Binding	   Assays:	   Selective	   Recognition	   of	   Phosphorylated	   Substrates	   other	   than	   the	  
Imprint	   Template,	   and	  Determination	   of	   Effect	   of	   Solution	   pH	   on	   Recognition	   Performance:	   Plots	  
showing	   supernatant	   concentrations	   of	   analyte	   i	   (PM)	   after	   equilibration,	   as	   a	   percentage	   of	  
concentrations	  at	  t=0.	  	  
Figure	   6-­‐12	   Binding	   Assays:	   Selective	   Recognition	   of	   Phosphorylated	   Substrates	   other	   than	   the	  
Imprint	   Template,	   and	   Determination	   of	   Effect	   of	   Solution	   pH	   on	   Recognition	   Performance:	  
Imprinting	   Effect	   (IE),	   calculated	   from	   NIP	   supernatant	   concentration	   at	   equilibrium	   minus	   FIP	  
supernatant	  concentration	  at	  equilibrium,	  where	  these	  concentration	  values	  used	  are	  as	  a	  percentage	  
of	  the	  concentrations	  at	  t=0.	  	  
Figure	   6-­‐15	   Binding	   Assay:	   Selective	   Recognition	   of	   Phosphorylated	   Substrates	   other	   than	   the	  
Imprint	  Template	  (pH	  3.0):	  Total	  analyte	  distribution	  profile.	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Figure	   6-­‐16	   Binding	   Assay:	   Selective	   Recognition	   of	   Phosphorylated	   Substrates	   other	   than	   the	  
Imprint	  Template	  (pH	  3.0):	  Analyte	  distribution	  profile,	  wash	  fractions	  1-­‐6.	  	  	  
Figure	  6-­‐17	  Set-­‐up	  of	  binding	  assay:	  Selective	  Recognition	  of	  a	  Phosphoserine	  Derivative	  over	  Other	  
(Nonphosphorylated)	  Oxyanions.	  
	  
Figure	  6-­‐18:	  Structures	  of	  analytes	  used	  in	  binding	  assay:	  Selective	  Recognition	  of	  a	  Phosphoserine	  
Derivative	  over	  Other	  (Nonphosphorylated)	  Oxyanions.	  
	  
Figure	  6-­‐19:	  Dibenzofulvene,	  an	  impurity	  present	  in	  the	  synthesised	  analytes	  PHOS	  and	  PHOSPHON.	  	  	  
Figure	   6-­‐20	   Binding	   assay:	   Selective	   Recognition	   of	   a	   Phosphoserine	   Derivative	   over	   Other	  
(Nonphosphorylated)	  Oxyanions:	  HPLC	  chromatogram	  of:	  SULFON	  (53.4	  min);	  SULF	  (59.1	  min);	  PHOS	  
(61.9	  min);	   PHOSPHON	   (66.7	  min);	   CARBOX	   (83.9	  min);	   dibenzofulvene,	   impurity	   with	   PHOS	   and	  
PHOSPHON	  (89.5	  min).	  	  	  
Figure	   6-­‐21	   Binding	   assay:	   Selective	   Recognition	   of	   a	   Phosphoserine	   Derivative	   over	   Other	  
(Nonphosphorylated)	  Oxyanions:	  Calibration	  curves	  for	  analytes.	  	  	  
Figure	   6-­‐22	   Binding	   assay:	   Selective	   Recognition	   of	   a	   Phosphoserine	   Derivative	   over	   Other	  
(Nonphosphorylated)	   Oxyanions:	   Plots	   showing	   supernatant	   concentrations	   of	   the	   analytes	   after	  
equilibration,	  as	  a	  percentage	  of	  concentrations	  at	  t=0.	  
Figure	   6-­‐23	   Binding	   assay:	   Selective	   Recognition	   of	   a	   Phosphoserine	   Derivative	   over	   Other	  
(Nonphosphorylated)	  Oxyanions:	  Plots	   showing	  molar	  amounts	  of	   the	  analytes	   (as	  a	  percentage	  of	  
t=0	  amounts)	  in	  the	  first	  extraction	  step	  (E1)	  from	  each	  binding	  assay.	  
Figure	   6-­‐24	   Binding	   assay:	   Selective	   Recognition	   of	   a	   Phosphoserine	   Derivative	   over	   Other	  
(Nonphosphorylated)	   Oxyanions:	   Theoretical	   analyte	   pKa	   values	   predicted	   using	   SPARC	  
w4.5.1529-­‐s4.5.1529	  online	  calculator	  [26].	  
Figure	   6-­‐25	   Binding	   assay:	   Selective	   Recognition	   of	   a	   Phosphoserine	   Derivative	   over	   Other	  
(Nonphosphorylated)	   Oxyanions:	   Imprinting	   Effect	   (IE),	   calculated	   from	   NIP	   supernatant	  
concentration	  minus	  FIP	  supernatant	  concentration,	  where	  these	  concentration	  values	  used	  are	  as	  a	  
percentage	  of	  the	  concentrations	  at	  t=0.	  	  
Figure	   7-­‐1	   Pictorial	   overview	   of	   the	   MALDI	   process,	   which	   generates	   analyte	   ions	   that	   are	   then	  
directed	  towards	  the	  mass	  analyser.	  
Figure	  7-­‐2	  Typical	  UV-­‐MALDI	  matrices;	  (left)	  CHCA;	  (centre)	  DHB;	  (right)	  sinapinic	  acid.	  
Figure	   7-­‐3	  Microphotographs	   showing:	   (left)	   CHCA,	   which	   forms	   a	   relatively	   homogenous	   surface	  
coverage;	   (right)	   DHB,	   which	   forms	   large,	   needle-­‐like	   crystals.	   	   Matrices	   prepared	   for	   MALDI	   MS	  
analysis	  via	  the	  dried-­‐droplet	  method.	  	  Images	  taken	  	  from	  reference	  [27].	  
Figure	   7-­‐4	   MALDI	   ion	   images	   showing	   intensities	   for	   selected	   peptides	   of	   a	   mixture	   of	   synthetic	  
peptides,	  using	  DHB	  as	  matrix.	  	  Images	  taken	  from	  reference	  [28].	  
Figure	   7-­‐5	   Mass	   spectrum	   of	   non-­‐enriched	   α-­‐casein	   tryptic	   digest	   with	   'regular	   DHB'	   as	   matrix	  
(approx.	  2.3	  pmol	  on	  target).	  	  Identified	  phosphopeptides	  are	  marked	  by	  asterisks	  (see	  main	  text	  for	  
phosphopeptide	  identification).	  
Figure	  7-­‐6	  Mass	  spectrum	  of	  non-­‐enriched	  α-­‐casein	  tryptic	  digest	  with	  'PA-­‐DHB'	  as	  matrix	  (approx.	  2.3	  
pmol	  on	  target).	  	  	  
Figure	  7-­‐7	  General	  approach	  to	  peptide	  binding	  assays	  using	  FIPs.	  
Figure	  7-­‐8	  (Refer	  to	  Section	  7.4:	  Investigation	  into	  the	  Phosphopeptide	  Recognition	  Performance	  of	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2nd-­‐Generation	  FIPs	  using	  a	  Mixture	  of	  Phosphorylated	  and	  Nonphosphorylated	  Synthetic/Purified	  
Peptides):	  MALDI-­‐TOF	  mass	   spectrum	   of	   the	  mixture	   of	   phosphorylated	   (marked	   by	   asterisks)	   and	  
nonphosphorylated	  peptides	  observed	  at	  t=0	  (i.e.	  prior	  to	  equilibration	  with	  polymer).	  	  
Figure	  7-­‐9	  (Refer	  to	  Section	  7.4:	  Investigation	  into	  the	  Phosphopeptide	  Recognition	  Performance	  of	  
2nd	  Generation	  FIPs	  using	  a	  Mixture	  of	  Phosphorylated	  and	  Nonphosphorylated	  Synthetic/Purified	  
Peptides),	  FIP	  FIP211(DMBAP,	  H2O):	  MALDI-­‐TOF	  mass	  spectra	  of:	  A)	  sixth	  wash	  step;	  B)	  first	  elution	  
step;	  C)	  second	  elution	  step;	  D)	  third	  elution	  step.	  No	  phosphopeptides	  detected.	  
Figure	  7-­‐10	  (Refer	  to	  Section	  7.4:	   Investigation	   into	  the	  Phosphopeptide	  Recognition	  Performance	  
of	   2nd	   Generation	   FIPs	   using	   a	   Mixture	   of	   Phosphorylated	   and	   Nonphosphorylated	  
Synthetic/Purified	  Peptides),	  FIP	  FIP211(DMBAP,	  NaOAc):	  MALDI-­‐TOF	  mass	  spectra	  of:	  A)	  sixth	  wash	  
step;	  B)	  first	  elution	  step;	  C)	  second	  elution	  step;	  D)	  third	  elution	  step.	  No	  phosphopeptides	  detected.	  
Figure	  7-­‐11	  (Refer	  to	  Section	  7.4:	   Investigation	   into	  the	  Phosphopeptide	  Recognition	  Performance	  
of	   2nd	   Generation	   FIPs	   using	   a	   Mixture	   of	   Phosphorylated	   and	   Nonphosphorylated	  
Synthetic/Purified	  Peptides),	  FIP	  FIP111(DMBAP,	  NaOAc):	  MALDI-­‐TOF	  mass	  spectra	  of:	  A)	  sixth	  wash	  
step;	  B)	  first	  elution	  step;	  C)	  second	  elution	  step;	  D)	  third	  elution	  step.	  	  Phosphopeptides	  are	  marked	  
with	  an	  asterisk.	  	  	  
Figure	  7-­‐12	  (Refer	  to	  Section	  7.4:	   Investigation	   into	  the	  Phosphopeptide	  Recognition	  Performance	  
of	   2nd	   Generation	   FIPs	   using	   a	   Mixture	   of	   Phosphorylated	   and	   Nonphosphorylated	  
Synthetic/Purified	  Peptides),	  blank	  polymer	  pDMBAP(NaOAc):	  MALDI-­‐TOF	  mass	  spectra	  of:	  A)	  sixth	  
wash	  step;	  B)	  first	  elution	  step;	  C)	  second	  elution	  step;	  D)	  third	  elution	  step.	  	  No	  ions	  detected.	  
Figure	  7-­‐13	  (Refer	  to	  Section	  7.6:	  Can	  Binding	  of	  Carboxylated	  Residues	  to	  FIP111(DMBAP,	  NaOAc)	  
be	  Diminished	  Using	  a	  Glutamic	  Acid	  Wash?):	  MALDI-­‐TOF	  mass	  spectrum	  of	  phosphopeptide	  mixture	  
at	  t=0,	  showing	  all	  six	  phosphopeptides.	  	  
 
Figure	  7-­‐14	  (Refer	  to	  Section	  7.6:	  Can	  Binding	  of	  Carboxylated	  Residues	  to	  FIP111(DMBAP,	  NaOAc)	  
be	  Diminished	  Using	  a	  Glutamic	  Acid	  Wash?):	  MALDI-­‐TOF	  mass	  spectra	  of	  first	  elution	  fractions	  from	  
batch	  equilibration	  where	  polymer	  =	  FIP111(DMBAP,	  NaOAc)	  and	  loading	  solvent	  =	  A)	  1:1	  v/v	  MeCN	  :	  
0.1%	  TFA	   [pH	  2.2];	  B)	   0.1%	  TFA	   [pH	  2.2];	  C)	   1:1	   v/v	  MeCN	  :	   100	  mM	  NH4OAc	   [pH	  3.0];	  D)	   100	  mM	  
NH4OAc	  [pH	  3.0].	  
Figure	  7-­‐15	  (Refer	  to	  Section	  7.6:	  Can	  Binding	  of	  Carboxylated	  Residues	  to	  FIP111(DMBAP,	  NaOAc)	  
be	  Diminished	  Using	  a	  Glutamic	  Acid	  Wash?):	  	  MALDI-­‐TOF	  mass	  spectra	  of	  first	  elution	  fractions	  from	  
batch	  equilibration	  where	  polymer	  =	  pDMBAP(NaOAc)	  and	  loading	  solvent	  =	  A)	  1:1	  v/v	  MeCN	  :	  0.1%	  
TFA	  [pH	  2.2];	  B)	  0.1%	  TFA	  [pH	  2.2];	  C)	  1:1	  v/v	  MeCN	  :	  100	  mM	  NH4OAc	  [pH	  3.0];	  D)	  100	  mM	  NH4OAc	  
[pH	  3.0].	  	  No	  ions	  detected.	  	  
Figure	  7-­‐16	  (Refer	  to	  Section	  7.7,	   Investigation	   into	  the	  Phosphopeptide	  Recognition	  Performance	  
of	   FIP111(DMBAP,	   NaOAc)	   using	   a	  Mixture	   of	   Phosphorylated	   and	   Nonphosphorylated	   Synthetic	  
Peptides	   Using	   Conditions	   Developed	   in	   Section	   7.6):	  MALDI-­‐TOF	  mass	   spectra	   of:	  A)	   third	   wash	  
step;	  B)	   sixth	  wash	   step;	  C)	   first	   elution	   fraction;	  D)	   second	   elution	   fraction.	   	   Phosphopeptides	   are	  
marked	  by	  an	  asterisk.	  	  
Figure	   7-­‐17	   (Refer	   to	   Section	   7.8:	   Effect	   of	   Binding	   Time	   on	   Phosphopeptide	   Recognition	  
Performance	  of	  FIP111(DMBAP,	  NaOAc)):	  MALDI-­‐TOF	  mass	  spectra	  of:	  A)	  first	  elution	  step;	  B)	  second	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List	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Scheme	  1-­‐1	  Phosphopeptide	  enrichment	  protocol	  proposed	  by	  Oda	  et	  al.	  [29].	  	  
Scheme	  1-­‐2	  Phosphopeptide	  enrichment	  protocol	  proposed	  by	  Li	  and	  Zeng	  [30].	  
Scheme	  1-­‐3	  Phosphopeptide	  enrichment	  protocol	  proposed	  by	  Zhou	  et	  al.	  [31].	  
Scheme	  1-­‐4	  Phosphopeptide	  enrichment	  protocol	  proposed	  by	  Lansdell	  and	  Tepe	  [32].	  
Scheme	   1-­‐5	   "Sacrificial	   spacer"	   approach	   to	   molecular	   imprinting.	   	   Example	   taken	   from	   reference	  
[33].	  
Scheme	   1-­‐6	   Preparation	   of	   polymer	   imprinted	   with	   phenyl	   phosphate,	   using	   either	  	  
N-­‐methyl-­‐N'-­‐(4-­‐vinylphenyl)-­‐thiourea	  (34)	  or	  1-­‐allyl-­‐2-­‐thiourea	  (35)	  as	  functional	  monomer.	  	  Adapted	  
from	  Kugimiya	  et	  al.	  [34].	  
Scheme	  1-­‐7	  Pictorial	  representation	  of	  the	  basic	  concepts	  behind	  preparation	  of	  a	  phosphoselective	  
functional	  group	  imprinted	  polymer	  (FIP).	  	  
Scheme	  2-­‐1	  Synthetic	  route	  to	  monomer	  ITU-­‐FM.	  
Scheme	  2-­‐2	  Accepted	  mechanism	  of	  phosphorylation	  using	  o-­‐phenylene	  phosphorochloridate	  (54).	  	  	  
Scheme	  2-­‐3	  Synthetic	  route	  to	  P(III)	  phosphitylation	  reagent	  (57).	  
Scheme	  2-­‐4	  	  Synthetic	  route	  to	  1-­‐adamantanyl	  phosphoric	  acid	  (ADPHOS).	  	  	  
Scheme	  2-­‐5	  Synthetic	  route	  to	  first	  generation	  FIP	  (FIP1(ITU,ADPHOS)).	  	  
Scheme	  4-­‐1	  Proposed	  route	  to	  functional	  monomer	  designed	  for	  2nd-­‐generation	  FIP.	  	  
Scheme	  4-­‐2	  General	  overview	  of	  the	  Buchwald-­‐Hartwig	  amination	  reaction.	  
Scheme	  4-­‐3	  Alternative	  route	  to	  functional	  monomer	  (FM)	  designed	  for	  2nd-­‐generation	  FIP.	  
Scheme	  6-­‐1	  Pictorial	  overview	  of	  small	  molecule	  binding	  assays	  used	  to	  test	  the	  performance	  of	  FIPs	  





List	  of	  Tables	  
List	  of	  Tables	  
 
Table	  1-­‐1	  A	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  2-­‐1	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  shown	  as	  percentage	  of	  molar	  amount	  used	  in	  
initial	  polymerisation	  step.	  	  
Table	   5-­‐6	  Theoretical	  mass	  of	  dried	  polymer	  monoliths	   (prior	   to	  wash	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  Binding	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  Analogue	   (Inosine):	   t=20h	  supernatant	  concentrations	  of	  
the	  analytes	  as	  a	  percentage	  of	  concentrations	  at	  t=0.	  	  
	  
Table	  6-­‐2	  Binding	  Assay	  Substrate	  Selectivity	   in	  pH	  4.0	  Acetate	  Buffer:	   Imprint	  Template	  Molecule	  
(Inosinic	  Acid)	  versus	  Nonphosphorylated	  Analogue	  (Inosine):	  Molar	  amounts	  of	  the	  analytes	  (and	  as	  
a	  percentage	  of	  t=0	  amounts)	  in	  the	  first	  extraction	  step	  (E1)	  from	  each	  binding	  assay.	  
	  
Table	  6-­‐3	  Binding	  Assays:	  Selective	  Recognition	  of	  Phosphorylated	  Substrates	  other	  than	  the	  Imprint	  
Template,	   and	   Determination	   of	   Effect	   of	   Solution	   pH	   on	   Recognition	   Performance,	   polymers	  
FIP111(DMBAP,NaOAc)	  and	  NIP110(DMBAP,NaOAc):	  Supernatant	  concentrations	  of	  the	  analytes	  at	  
equilibrium	  as	  a	  percentage	  of	  the	  concentration	  at	  t=0.	  
	  
Table	  6-­‐4	  Binding	  Assays:	  Selective	  Recognition	  of	  Phosphorylated	  Substrates	  other	  than	  the	  Imprint	  
Template,	   and	   Determination	   of	   Effect	   of	   Solution	   pH	   on	   Recognition	   Performance,	   polymers	  
FIP211(DMBAP,NaOAc)	  and	  NIP210(DMBAP,NaOAc):	  Supernatant	  concentrations	  of	  the	  analytes	  at	  
equilibrium	  as	  a	  percentage	  of	  concentration	  at	  t=0.	  
	  
Table	  6-­‐5	  Binding	  Assays:	  Selective	  Recognition	  of	  Phosphorylated	  Substrates	  other	  than	  the	  Imprint	  
Template,	   and	   Determination	   of	   Effect	   of	   Solution	   pH	   on	   Recognition	   Performance,	   polymers	  
FIP211(DMBAP,H2O)	   and	   NIP210(DMBAP,H2O):	   Supernatant	   concentrations	   of	   the	   analytes	   at	  
equilibrium	  as	  a	  percentage	  of	  concentration	  at	  t=0.	  
	  
Table	  6-­‐6	  Binding	  Assays:	  Selective	  Recognition	  of	  Phosphorylated	  Substrates	  other	  than	  the	  Imprint	  
Template,	  and	  Determination	  of	  Effect	  of	  Solution	  pH	  on	  Recognition	  Performance:	  Imprinting	  Effect	  
(IE),	   calculated	   from	   NIP	   supernatant	   concentration	   at	   equilibrium	   minus	   FIP	   supernatant	  
concentration	   at	   equilibrium,	   where	   these	   concentration	   values	   used	   are	   as	   a	   percentage	   of	   the	  
concentrations	  at	  t=0.	  
Table	   6-­‐7	   Solubility	   tests	   to	   determine	   experimental	   conditions	   for	   Binding	   assay:	   Selective	  
Recognition	  of	  a	  Phosphoserine	  Derivative	  over	  Other	  (Nonphosphorylated)	  Oxyanions.	  
Table	   6-­‐8	   Binding	   assay:	   Selective	   Recognition	   of	   a	   Phosphoserine	   Derivative	   over	   Other	  
(Nonphosphorylated)	   Oxyanions:	   t=68.5	  h	   equilibration	   supernatant	   concentrations	  of	   the	   analytes	  
as	  a	  percentage	  of	  concentrations	  at	  t=0.	  	  
Table	   6-­‐9	   Binding	   assay:	   Selective	   Recognition	   of	   a	   Phosphoserine	   Derivative	   over	   Other	  
(Nonphosphorylated)	  Oxyanions:	  Molar	  amounts	  of	  the	  analytes	  (as	  a	  percentage	  of	  t=0	  amounts)	  in	  
the	  first	  extraction	  step	  (E1)	  from	  each	  binding	  assay.	  
Table	  7-­‐1	  Components	  of	  peptide	  mixture	  ("Pepmix	  V3")	  used	  as	  external	  mass	  calibrant.	  
Table	  7-­‐2	  Observed	  phosphopeptides	  produced	  upon	  tryptic	  digestion	  of	  α-­‐casein,	  using	  PA-­‐DHB	  as	  
matrix.	  
Table	   7-­‐3	   List	   of	   purified/synthetic	   phosphopeptides	   used	   in	   phosphopeptide	   enrichment	  
experiments	  with	  second-­‐generation	  FIPs.	  	  	  
Table	   7-­‐4	   List	  of	  nonphosphorylated	  peptide	  used	   in	  phosphopeptide	  enrichment	  experiments	  with	  
second-­‐generation	  FIPs.	  	  
Table	  7-­‐5	  (Refer	  to	  Section	  7.6:	  Can	  Binding	  of	  Carboxylated	  Residues	  to	  FIP111(DMBAP,	  NaOAc)	  be	  
Diminished	  Using	  a	  Glutamic	  Acid	  Wash?):	  List	  of	  phosphopeptides	  detected	  in	  first	  elution	  fractions	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List of Abbreviations 
 
Abbreviation Full	  name 
	  
ADP adenosine	  5'-­‐diphosphate 
AMP adenosine	  5'-­‐monophosphate 
ATP adenosine	  5'-­‐triphosphate 
BAC N-­‐biotinyl-­‐4-­‐amino-­‐2-­‐methylbutan-­‐2-­‐yl	  2-­‐mercaptoethyl	  carbamate 
BSA bovine	  serum	  albumin 
Car	   aromatic	  carbon	  (NMR)	  
CHAPS 3-­‐[(3-­‐cholamidopropyl)dimethylammonio]-­‐1-­‐propanesulfonate 
CID collision-­‐induced	  dissociation 
DHB 2,5-­‐dihydroxybenzoic	  acid 
DMAEM 2-­‐(dimethylamino)ethylmethacrylate 
DMAPP	   dimethylallyl	  pyrophosphate	  
DMBAP	   N,N'-­‐dimethyl-­‐1,3-­‐bis(acrylamide)propane	  
DMBADOOM	   N,N'-­‐dimethyl-­‐1,8-­‐bis(acrylamide)-­‐3,6-­‐dioxaoctane	  
DMF	   N,N-­‐dimethylformamide	  
DTT	   dithiothreitol	  
EDC	   N,N'-­‐dimethylaminopropyl	  ethyl	  carbodiimide	  
EGDMA ethylene	  glycol	  dimethacrylate	   
ESI electrospray	  ionisation 
FET field	  effect	  transistor 
FHA forkhead-­‐associated 
FIP functional	  group	  imprinted	  polymer 
FMOC fluorenylmethoxycarbonyl 
Har	   aromatic	  proton	  (NMR)	  
HFIP 1,1,1,3,3,3-­‐hexafluoroisopropanol 
IDA iminodiacetic	  acid 
IE Imprinting	  Effect 
IMAC Immobilised	  Metal	  Ion	  Affinity	  Chromatography 
IPG immobilised	  pH	  gradient	   
IPR ion-­‐pair	  reagent 
IS immunosorbent 
m/z mass-­‐to-­‐charge	  ratio 
MAA methacrylic	  acid 
MALDI matrix-­‐assisted	  laser	  desorption	  ionisation 
MIP molecularly	  imprinted	  polymer 
MS mass	  spectrometry 
MS/MS tandem	  mass	  spectrometry 
NHS N-­‐hydroxysuccinimide 
NIP non-­‐imprinted	  polymer 
NOE nuclear	  Overhauser	  effect 
NTA nitrilotriacetic	  acid 
OSA sodium	  1-­‐octansulfonate	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PA phosphoric	  acid 
PAGE polyacrylamide	  gel	  electrophoresis 
PBP pyridinium	  bromide	  perbromide 
PhIAT Phosphoprotein	  Isotope-­‐coded	  Affinity	  Tag 
PSI phosphotyrosine-­‐specific	  immonium	  ion	   
PTB phosphotyrosine	  binding 
PTM post-­‐translational	  modification 
QCM quartz	  crystal	  microbalance 
SCX strong	  cation	  exchange 
SH2 Src	  homology	  2 
SPE solid-­‐phase	  extraction 
SPR surface	  plasmon	  resonance 
TBA tetrabutylammonium 
TEA triethylamine 







TSA transition	  state	  analogue 
VI vinylimidazole 
4-­‐VP 4-­‐vinyl	  pyridine 
  
List	  of	  amino	  acid	  abbreviations 
Alanine	   Ala,	  A	  
Arginine	   Arg,	  R	  
Asparagine	   Asn,	  N	  
Aspartic	  acid	   Asp,	  D	  
Cysteine	   Cys,	  C	  
Glutamic	  acid	   Glu,	  E	  
Glutamine	   Gln,	  Q	  
Glycine	   Gly,	  G	  
Histidine	   His,	  H	  
Isoleucine	   Ile,	  I	  
Leucine	   Leu,	  L	  
Lysine	   Lys,	  K	  
Methionine	   Met,	  M	  
Phenylalanine	   Phe,	  F	  
Proline	   Pro,	  P	  
Serine	   Ser,	  S	  
Threonine	   Thr,	  T	  
Tryptophan	   Trp,	  W	  
Tyrosine	   Tyr,	  Y	  
Valine	   Val,	  V	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Chapter 1 Introduction 
 
1.1 Phosphorylated Species in Nature 
	  
Figure	  1-­‐1	  Typical	  phosphate	  derivatives	  found	  in	  biological	  systems:	  	  
Nucleotides	   (1),	   where	   the	   base	   is	   a	   purine-­‐	   or	   pyrimidine-­‐derivative	   and	   the	   pentose	   moiety	   (either	  
ribose	  or	  deoxyribose)	  is	  mono,	  di-­‐	  or	  tri-­‐phosphorylated.	  	  Examples	  include	  adenosine	  triphosphate	  (ATP),	  
which	  serves	  as	  a	  source	  of	  chemical	  energy,	  and	  RNA	  and	  DNA	   (2),	  which	  are	  made	  up	   from	  polymeric	  
nucleotide	  units.	  	  Phosphoproteins	  and	  phosphopeptides,	  usually	  phosphorylated	  at	  serine	  (3),	  threonine	  
(4)	  or	  tyrosine	  (5)	  residues.	  	  Phospholipids	  (6),	  the	  major	  component	  of	  cell	  membranes,	  where	  R1	  and	  R2	  
are	   saturated	   or	   unsaturated	   fatty	   chains	   and	   X	   is	   a	   polar	   head	   group.	   	   Sugar	   phosphates,	   such	   as	  
glucose-­‐6-­‐phosphate	   (7),	   used	   to	   store	   or	   transfer	   energy.	   	   Other	   small	   molecule	  metabolites,	   such	   as	  
dimethylallyl	  pyrophosphate	  (DMAPP	  (8)),	  an	  intermediate	  in	  the	  mevalonic	  acid	  pathway	  (involved	  in	  the	  
biosynthesis	  of	  terpenoids	  etc).	  
(1) 
(2) 
(5) (3) (4) 
(8) 
(7) (6) 
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hosphate	  derivatives	  are	  ubiquitous	  in	  biological	  systems	  [35]	  (Figure	  1-­‐1).	  	  For	  
example,	   many	   coenzymes	   and	   metabolic	   intermediates	   are	   esters	   of	  
phosphoric	  and	  pyrophosphoric	  acid;	  the	  nucleic	  acids	  DNA	  and	  RNA	  are	  based	  upon	  
a	   phosphate	   diester	   backbone;	   and	   phospholipids,	   the	   major	   component	   of	   all	  
biological	  membranes,	  contain	  a	  phosphate	  diester	  moiety.	  	  	  
	  
Protein	   phosphorylation	   is	   a	   reversible	   post-­‐translational	   modification	   (PTM)	  
involving	  the	  kinase-­‐catalysed	  transfer	  of	  a	  phosphate	  group	  from	  ATP	  to	  a	  protein	  
(usually	  to	  serine,	  threonine	  or	  tyrosine	  residues)	  (Figure	  1-­‐2).	   	  This	  process	  can	  be	  
thought	   of	   as	   a	  means	   of	   'switching	   on'	   proteins,	   and	   underlies	   the	   regulation	   of	  
essentially	   all	   cellular	   events;	   this	   includes	   gene	   expression,	   proliferation,	  
differentiation,	   cytoskeletal	   rearrangement,	   cell	   cycle	   regulation,	   apoptosis	   and	  
metabolism	   [36-­‐38].	   	   Furthermore,	  dysregulated	  protein	  phosphorylation	  has	  been	  
implicated	   in	   numerous	   disease	   states	   including	   cancer,	   cardiovascular	   disease,	  
cystic	  fibrosis	  and	  type	  II	  diabetes	  [39].	  	  For	  these	  reasons,	  phosphoprotein	  analysis	  
is	   invaluable	   in	   the	   elucidation	   of	   signalling	   pathways,	   the	   identification	   of	  
therapeutic	  targets	  and	  drug	  discovery	  (for	  example,	  small	  molecule	  protein	  kinase	  





Figure	   1-­‐2	   Overview	   of	   protein	   phosphorylation	   (kinase-­‐catalysed)	   and	   dephosphorylation	   (phosphatase-­‐
catalysed).	  
  phosphate monoester 
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1.2 The 'Omics' 
 
The	   classical	   approach	   to	   the	   study	   of	   protein	   phosphorylation	   is	   a	   so-­‐called	  
'reductionist'	   methodology,	   in	   which	   each	   individual	   component	   of	   a	   system	   is	  
studied	   separately;	   this	   is	   in	   direct	   antithesis	   to	   the	   'systems	   biology'	   perspective	  
biology	  [41],	  where	  multiple	  components	  are	  studied	  simulateously,	  holistically	  (vide	  
infra)	  [42].	  	  Thus,	  with	  the	  reductionist	  methodology,	  the	  first	  step	  typically	  involves	  
hypothesising	  which	  proteins	  are	  being	  phosphorylated	  in	  the	  process	  being	  studied,	  
via	  deductive	  reasoning	  and/or	  prior	  knowledge	  of	   the	  systems	   involved	   [43].	   	  The	  
individual	   proteins	   of	   interest	   are	   then	   isolated	   and	   purified	   to	   homogeneity,	  
through	   repeated	   cycles	   of	   sequential	   fractionation	   and	   bioassays	   [44].	   	   Using	   a	  
variety	  of	  techniques,	  each	  of	  the	  purified	  proteins	  is	  then	  analysed,	  with	  a	  view	  to	  
determining	  its	  structure	  and	  function.	  	  Finally,	  the	  information	  from	  these	  isolated	  
components	  is	  used	  to	  reconstitute	  a	  schema	  of	  the	  process	  being	  studied	  [43].	  	  	  
	  
The	  last	  decade	  witnessed	  the	  
complete	   sequencing	   of	   the	  
human	  genome	  and,	  with	  it,	  a	  
paradigm	   shift	   towards	   the	  
holistic	   analysis	   of	   biological	  
systems	   (systems	   biology).	  	  
Thus,	   rather	   than	   studying	   a	  
process	   through	   the	   singular	  
analysis	   of	   its	   individual	  
components,	   whole	   pathways	  
and	   cells	   are	   now	   studied	   in	  
parallel.	  	  Numerous	  disciplines	  
under	   the	   systems	   biology	  
umbrella	   term	  are	   referred	   to	  






Study of the genome: the entire 
complement of genes in an organism 
 
Study of the transcriptome: the entire 
complement of RNA transcripts 
produced by the genome at any one 
time 
 
Study of the metabolome: all of the 
small-molecule metabolites produced 
in a cell or organism 
 
transcriptomics 
Study of the proteome: the entire 
complement of proteins 





Study of the phosphoproteome: the 
entire complement of phosphorylated 
proteins in a cell or organism 
 
phosphoproteomics 
Study of the lipidome: the entire 
complement of lipids 




Table	   1-­‐1	   A	   list	   of	   some	   of	   the	   more	   well-­‐established	  
'omics'	  and	  their	  definitions.	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'Proteomics',	  defined	  as	  "the	  study	  of	   the	  total	  expressed	  proteins	   in	  a	  cell	  or	  organism"	  
[46],	  was	  borne	  out	  of	  the	  realisation	  that	  knowledge	  of	  the	  function,	  structure	  and	  
activity	  of	  proteins	  within	  a	  biological	  system	  cannot	  be	  determined	  from	  the	  DNA	  
sequence	  alone;	  the	  proteome	  (information	  on	  the	  entire	  complement	  of	  expressed	  
proteins	  within	  a	  single	  cell)	  is	  dynamic	  in	  nature	  [47].	  	  Thus,	  whilst	  the	  pluripotent	  
stem	   cells	   and	   terminally	   differentiated	   cells	   of	   an	   organism	   all	   contain	   the	   same	  
genomic	   information,	   the	   proteome	   is	   under	   the	   influences	   of	   a	   physiological	  
environment.	  	  This	  environment	  includes	  the	  signals	  that	  orchestrate	  differentiation	  
as	  well	  as	  those	  that	  induce	  reversible	  changes	  in	  gene	  expression.	  	  	  
	  
'Phosphoproteomics',	  a	  subdiscipline	  of	  proteomics,	  has	  recently	  become	  the	  focus	  
of	  considerable	  attention	  in	  the	  biomedical	  sciences	  [48,	  49].	  	  Phosphoproteomics	  is	  
defined	   as	   the	   analysis	   of	   the	   entire	   complement	   of	   phosphorylated	   proteins	   in	   a	   cell	   or	  
organism.	  	  It	  encompasses	  not	  only	  the	   identification	  of	  all	  phosphoproteins,	  but	  also	  
localisation	   to	   the	   exact	   residues	   that	   are	   phosphorylated.	   	   Furthermore,	   because	  
phosphorylation	   is	   a	   dynamic	   process,	   it	   is	   also	   necessary	   to	   obtain	   a	   quantitative	  
analysis.	   	   For	   example,	   it	   is	   estimated	   that	   there	   are	   more	   than	   100,000	  
phosphorylation	   sites	   in	   the	   human	   proteome	   [50].	   	   Determination	   of	   the	  
phosphoproteome	  is	  therefore	  a	  vast	  undertaking.	  
	  
1.3 Phosphoproteome Analysis 
	  
Traditional	   methods	   of	   analysing	   and	   studying	   phosphoproteins	   include	   32P	  
radiolabelling	   [37],	   immunoblotting	   [37,	  44,	  51-­‐53]	  and	   to	  a	   lesser	  extent	   31P	  NMR	  
[54,	   55].	   	   However,	   mass	   spectrometry	   (MS)	   is	   now	   the	   method	   of	   choice	   in	  
contemporary	   phosphoproteomics,	   being	   sensitive	   (able	   to	   detect	   sub-­‐femtomole	  
levels	  of	  sample),	  rapid,	  highly	  accurate	  and	  capable	  of	  high-­‐throughput	  automation	  
[43,	  44,	  50,	  56-­‐62].	  	  Whilst	  direct	  MS	  analysis	  of	  tissues	  (and	  therefore	  visualisation	  
of	  the	  in	  vivo/in	  vitro	  spatial	  distribution	  of	  proteins)	  is	  still	  in	  its	  infancy	  [63],	  MS	  is	  
highly	   applicable	   to	   the	   qualitative	   and	   quantitative	   characterisation	   of	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phosphoproteins/phosphopeptides	  isolated	  via,	  for	  example,	  2D-­‐gel	  electrophoresis	  
or	  immunoprecipitation.	  	  
	  
When	   MS	   was	   invented	   at	   the	   beginning	   of	   the	   twentieth	   century	   [64,	   65],	   the	  
technique	  was	  wholly	  unsuitable	  for	  the	  analysis	  of	   large	  biomolecules;	  they	  would	  
degrade	  under	  the	  thermal	  energy	  required	  to	  volatilise	  and	   ionise	  analytes,	  whilst	  
the	   range	  of	  detection	  of	   early	   instruments	  was	   limited	   to	   low	  molecular	  weights.	  	  
Indeed	  it	  was	  not	  until	  the	  1980s	  that	  the	  use	  of	  MS	  for	  analysing	  biological	  samples	  
became	   seriously	   feasible	   [66,	   67].	   	   The	   development	   of	   two	   new	   ionisation	  
techniques	   (referred	   to	   as	   'soft'	   ionisation	   techniques),	   matrix-­‐assisted	   laser	  
desorption	   ionisation	   (MALDI)	   [67,	   68]	   and	   electrospray	   ionisation	   (ESI)	   [69],	  were	  
considered	  to	  be	  of	  such	  importance	  to	  the	  study	  of	  biological	  macromolecules	  that	  
their	  inventors	  were	  awarded	  a	  share	  of	  the	  2002	  Nobel	  Prize	  [70].	  
	  
Various	  specialised	  strategies	   for	  phosphoproteome	  analysis	  have	  been	  developed.	  
Phosphorylated	  proteins	  are	  typically	  identified	  by	  subjecting	  the	  individual	  proteins	  
to	  enzymatic	  digestion	  (e.g.	  trypsin)	  and	  then	  analysing	  the	  resultant	  peptides	  by	  MS	  
to	  determine	  which	   are	  phosphorylated:	  when	   compared	  with	   the	  mass	  predicted	  
from	   amino	   acid	   sequence,	   phosphorylated	   peptides	   exhibit	   a	   mass	   increment	   of	  
80	  Da	  per	  phosphate	  group	  (HPO3)	  relative	  to	  the	  non-­‐phosphorylated	  residue	  [71].	  	  	  
	  
The	  phosphorylated	  peptides	  can	  then	  be	  further	  analysed,	  via	  tandem	  MS	  (MS/MS),	  
to	   determine	   the	   precise	   location	   of	   the	   phosphorylation	   site(s)	   ('phosphorylation	  
site	   mapping').	   	   In	   one	   such	   approach,	   termed	   'neutral	   loss	   scanning',	   the	   entire	  
peptide	  mixture	   is	   first	   scanned	  within	   the	   first	   stage	  of	   the	   apparatus	   ('Q1')	   [50].	  	  
Then,	   in	   the	   second	   stage	   ('Q2'),	   selected	   ions	   (i.e.	   those	   suspected	   of	   being	  
phosphorylated)	  are	  isolated	  in	  situ	  and	  subjected	  to	  'collision-­‐induced	  dissociation'	  
(CID).	   	   This	   involves	   gas-­‐phase	   collision	   with	   an	   inert	   gas,	   inducing	   deliberate	  
fragmentation	  of	   the	  peptide	   ions.	   	  The	   resulting	   fragments	  are	   then	  correlated	   to	  
the	  ions	  obtained	  in	  Q1,	  to	  enable	  one	  to	  deduce	  which	  of	  these	  are	  phosphorylated:	  
ions	   exhibiting	   a	  mass	   loss	   of	   98	  Da	   correspond	   to	   gas-­‐phase	   β-­‐elimination	   of	   the	  
phosphate	   moiety	   from	   pSer	   or	   pThr	   residues.	   	   Other	   approaches,	   this	   time	   in	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negative	   ion	  mode,	   enable	   one	   to	   identify	   phosphopeptide	   ions	   by	   a	  mass	   loss	   of	  
79	  Da	   (corresponds	   to	   PO3-­‐,	   produced	   by	   pSer,	   pThr	   and	   pTyr	   residues)	   [72]	   or	  
identification	  of	  the	  pTyr	  immonium	  ion	  (m/z	  216.043)	  [73].	  
	  
Furthermore,	   a	  number	  of	   specialised	   strategies	  have	   recently	  been	  developed	   for	  
quantitation	   of	   phosphopeptides,	   to	   normalise	   the	   degree	   of	   phosphorylation	   to	  
corresponding	   protein	   abundance	   [62,	   74,	   75].	   	   Such	   quantitation	   techniques	  
typically	  entail	  the	  introduction	  of	  a	  stable	  isotope	  tag	  (2H,	  13C,	  18O	  or	  15N).	  
	  
1.4 Requirement for Enrichment 
	  
The	   very	   definition	   of	   phosphoproteomics	   demands	   that	   every	   phosphorylated	  
component	  be	  detected	  and	  identified,	  yet	  despite	  the	  advances	  in	  MS	  technology,	  
analysis	   of	   the	   phosphoproteome	   is	   still	   a	   complex	   task	   [56,	   60,	   61].	   	   This	   is	  
attributed	  to	  a	  number	  of	  factors.	  	  Firstly,	  protein	  phosphorylation	  tends	  to	  be	  sub-­‐
stoichiometric:	   that	   is,	  only	  a	   subset	   (<10%)	  of	   the	   cellular	   complement	  of	  a	  given	  
protein	   will	   be	   phosphorylated	   at	   any	   one	   time	   [61].	   	   Also,	   phosphorylation	   is	  
transient	  in	  nature	  and	  it	  is	  normal	  for	  proteins	  to	  be	  rapidly	  dephosphorylated	  back	  
to	  the	  resting	  state	  upon,	  for	  example,	  removal	  of	  the	  extracellular	  stimulus	  [61].	  	  In	  
terms	  of	  MS,	   the	  consensus	   is	   that	  phosphorylated	   species	   (in	  particular,	  multiply-­‐
phosphorylated	   analytes)	   suffer	   from	   lower	   ionisation/detection	   efficiencies	  
compared	   to	   their	  nonphosphorylated	  cognates.	   	   Liao	  et	  al.	  demonstrated	   that	   the	  
ionisation	   efficiencies	   of	   phosphopeptides	   in	   MALDI-­‐MS	   are	   typically	   an	   order	   of	  
magnitude	   below	   that	   of	   nonphosphorylated	   peptides	   [76].	   	   In	   addition,	   the	  
ionisation	  of	  phosphorylated	  species	  has	  been	  shown	  to	  be	  selectively	  suppressed	  	  in	  
the	  presence	  of	  nonphosphorylated	  species	  [50]	  -­‐	  although	  this	  notion	  has	  recently	  
been	  challenged	  by	  Steen	  et	  al.	  [61].	  	  
	  
Therefore	   to	   properly	   benefit	   from	   current	   MS	   technology,	   enrichment	   for	  
phosphopeptides/phosphoproteins	   prior	   to	  MS	   is	   a	   necessary	   prerequisite.	   	   There	  
currently	   exist	   three	   main	   approaches	   to	   phosphoprotein/phosphopeptide	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enrichment:	   affinity	   chromatography;	   chemical	   derivatisation;	   and	  
immunoprecipitation.	   	   However,	   none	   of	   these	   enrichment	   methods	   is	   currently	  
considered	  to	  be	  ideal,	  for	  the	  reasons	  addressed	  in	  the	  following	  pages.	  	  Therefore,	  
as	   is	   further	  detailed	   in	  Section	  1.9,	  one	  of	  the	  main	  objectives	  of	  this	  project	   is	  to	  
develop	  a	  superior	  method	  of	  phosphopeptide	  enrichment.	  
	  
1.5 Affinity Chromatography 
	  
1.5.1	  Immobilised	  Metal	  Ion	  Affinity	  Chromatography	  
	  
Immobilised	   Metal	   Ion	   Affinity	   Chromatography	   (IMAC)	   is	   the	   original	   and	   most	  
widely-­‐used	   mode	   of	   phosphopeptide	   enrichment.	   	   This	   approach	   exploits	   the	  
affinity	  of	  anionic	  phosphate	  groups	   for	   trivalent	  metal	   ions,	   typically	  Fe3+	  or	  Ga3+,	  
which	   are	   themselves	   bound	   to	   a	   chelating	   support	   (for	   example,	   sepharose	   or	  
agarose	  beads	  derivatised	  with	  iminodiacetic	  acid	  (IDA)	  or	  nitrilotriacetic	  acid	  (NTA))	  
(Figure	  1-­‐3)	  [77-­‐82].	  	  	  
Figure	  1-­‐3	  Structures	  of	  (left)	  IDA-­‐	  and	  (right)	  NTA-­‐derived	  solid	  phases	  used	  in	  IMAC.	  	  They	  are	  typically	  
chelated	  to	  a	  trivalent	  metal	  ion	  (Fe3+	  or	  Ga3+)	  for	  phosphopeptide	  enrichment,	  whilst	  a	  divalent	  metal	  ion	  
(Ni2+,	   Cu2+)	   is	   more	   suited	   to	   purification	   of	   proteins	   containing	   a	   histidine	   (imidazole)	   moiety.	   	   The	  
support	  matrix	  is	  typically	  a	  sepharose	  or	  agarose	  bead.	  
(10)	  (9)	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Metal	   chelate	   affinity	   chromatography,	   introduced	   in	   1975	   by	   Porath	   et	   al.	   as	   a	  
means	  of	  separating	  proteins,	  was	  proposed	  for	  the	  isolation	  of	  phosphoproteins	  in	  
the	  mid-­‐1980s	   [83-­‐85].	   	   However,	   prior	   to	   the	   emergence	   of	   phosphoproteomics,	  
IMAC	  was	  primarily	   used	   in	   the	   extraction	  of	   histidine-­‐rich	   (His-­‐rich)	   proteins	   (and	  
later	  on	  for	  separating	  His-­‐tag-­‐labelled	  recombinant	  proteins)	  [86-­‐88],	  and	  it	  is	  only	  
during	  the	  last	  7	  or	  8	  years	  that	  there	  has	  been	  intense	  interest	  in	  its	  application	  to	  
phosphoproteomics	  (Figure	  1-­‐4).	  
	  
A	   small	   number	   of	   exemplary	   studies	   have	   been	   published	   that	   illustrate	   the	  
successful	  use	  of	  IMAC	  for	  phosphopeptide	  enrichment.	  	  Nousiainen	  et	  al.	  employed	  
IMAC	   prior	   to	   MS	   analysis	   of	   the	   human	   mitotic	   spindle	   and	   observed	   736	  
phosphorylation	  sites,	  279	  of	  which	  were	  previously	  unknown	  [89].	  	  In	  analysing	  the	  
mouse	  synapse	  phosphoproteome,	  Collins	  et	  al.	  used	  both	  protein	  and	  peptide	  IMAC	  
in	   combination	   with	   improved	   MS	   data	   acquisition	   strategies,	   and	   reported	   331	  
phosphorylation	  sites,	  92%	  of	  which	  were	  novel	  [90].	  	  Ficarro	  et	  al.	  used	  IMAC	  on	  a	  
whole	   cell	   lysate	   of	   Saccharomyces	   cerevisiae,	   and	   discovered	   an	   impressive	   383	  
phosphorylation	  sites,	  only	  18	  of	  which	  had	  been	  previously	  reported	  [91].	  
	  
In	   spite	   of	   this,	   Ndassa	   et	   al.	   recently	   stated:	   "...anecdotal	   evidence	   suggests	   that	  
[IMAC]	  is	  not	  widely	  and	  successfully	  applied	  beyond	  analysis	  of	  simple	  standards,	  gel	  
bands,	  and	  targeted	  protein	  immunoprecipitations"	  [92].	  	  Indeed,	  it	  is	  apparent	  that,	  
whilst	   there	   certainly	   are	   a	   large	   number	   of	   publications	   focused	   on	   IMAC,	   the	  
majority	  of	  these	  tend	  to	  be	  concerned	  with	  optimisation	  of	  the	  technique	  (Table	  1-­‐
2)	   as	   opposed	   to	   reports	   of	   real-­‐world	   applications	   and	   the	   discovery	   of	   novel	  
phosphorylation	  sites	  (nevertheless,	  there	  appear	  to	  be	  more	  real-­‐world	  applications	  
of	   IMAC	   in	   the	   literature	   than	   of	   any	   of	   the	   other	   phosphopeptide/protein	  
enrichment	  methods).	  	  	  
	  
In	   brief,	   the	  main	   limitations	   of	   IMAC	  with	   regard	   to	   phosphopeptide	   enrichment	  
are:	   (i)	  non-­‐specificity	   for	  phosphate	  monoesters,	  with	  carboxylated	  moieties	   (Asp,	  
Glu	   and	   C-­‐termini)	   -­‐	   and	   to	   a	   lesser	   extent	   also	   Tyr,	   His	   and	   Trp	   residues	   -­‐	  
contributing	  to	  non-­‐specific	  binding;	  and	  (ii)	  incomplete	  recovery	  of	  certain	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Figure	  1-­‐4	  Overview	  of	  IMAC	  for	  phosphopeptide	  enrichment:	  
1)	   Mixture	   of	   phosphorylated	   (orange	   colour)	   and	   nonphosphorylated	   (blue	   colour)	   peptides	   added	   to	  
column	  containing	  a	  solid	  support	  (sepharose/agarose)	  derivatised	  with	  M3+	  chelate	  (M3+	  =	  Fe3+	  or	  Ga3+).	  	  
Inset	  (a)	  shows	  expected	  structure	  of	  (NTA-­‐Fe3+)	  solid	  support	  prior	  to	  peptide	  addition.	  	  
2)	   Nonphosphorylated	   peptides	   washed	   through	   the	   column,	   whilst	   phosphorylated	   species	   are	  
immobilised	  through	  chelation	  to	  the	  solid	  support.	   	   Inset	  (b)	  shows	  expected	  structure	  of	  solid	  support	  
bound	  to	  a	  phosphopeptide.	  
3)	   Elution	   of	   phosphopeptides	   from	   column	   (typically	   pH	   >9	   or	   through	   addition	   of	   excess	   H3PO4	   or	  
phosphate	  salts).	  	  Phosphopeptides	  now	  separated	  from	  the	  nonphosphorylated	  species	  and	  ready	  for	  MS	  
analysis.	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phosphopeptides	  from	  the	  resin.	  	  This	  differential	  recovery	  may	  be	  attributed	  to:	  the	  
presence	  of	  basic	  residues	  that	  are	  repelled	  from	  the	  chelated	  cations;	  shielding	  of	  
phosphate	   groups	   by	   salt-­‐bridges	   or	   obstructive	   protein/peptide	   conformations;	  
leaching	   of	   metal	   ions	   from	   the	   column;	   and	   a	   purported	   negative	   bias	   against	  
singly-­‐phosphorylated	   species	   [92,	   93].	   	   With	   regard	   to	   undesirable	   binding	   of	  
carboxylates,	  Ficarro	  has	  proposed	  that	  this	  can	  be	  abrogated	  by	  an	  O-­‐methylation	  
step	   (via	   methanolic	   HCl)	   prior	   to	   enrichment	   [91].	   	   Whilst	   there	   have	   been	  
suggestions	  that	   this	  may	  result	   in	   increased	  sample	  complexity	  due	  to	   incomplete	  
reactions	   and	   side-­‐reactions	   (for	   example,	   partial	   deamidation	   and	   subsequent	  
methylation	   of	   Asn	   and	   Gln	   residues)	   as	   well	   as	   adsorptive	   losses	   due	   to	   the	  
evaporation	  step	   [16],	  others	  have	   reported	   this	  generally	  not	   to	  be	   the	  case	   [94].	  	  
Ndassa	   et	   al.	   claimed	   that	   their	   O-­‐methylation	   protocol	   (using	   thionyl	   chloride	   in	  
place	   of	   acetyl	   chloride)	   affords	   superior	   conversions;	   however,	   no	   data	   was	  
presented	  to	  support	  this	  claim	  [92].	  
	  
Finally,	  as	  a	  variation	  on	  the	  conventional	  IMAC	  systems,	  Koike	  et	  al.	  have	  reported	  a	  
novel	   Zn(II)	   complex	   ("Phos-­‐tag™",)	   that	   exhibits	   selectivity	   for	   phosphorylated	  
species,	  which	  has	  been	  successfully	  employed	  for	  phosphopeptide/phosphoprotein	  
affinity	   chromatography	   [100,	   101].	   	   Since	   both	   binding	   and	   elution	   take	   place	   at	  
physiological	   pH,	   this	   approach	   is	   particularly	   amenable	   to	   whole	   proteins,	   which	  
may	   denature	   under	   harsher	   conditions.	   	   And	   Invitrogen™	   have	   developed	   a	  
commercially-­‐available	   resin,	   Pro-­‐Q®	   Diamond,	   based	   upon	   a	   proprietary	   gallium	  
chelate	   [1].	   	   Schilling	  et	  al.	   reported	  a	  preliminary	   comparison	  of	  Pro-­‐Q®	  Diamond	  
resin	  with	  TiO2	  affinity	  chromatography	   (vide	   infra)	   for	   the	  selective	  enrichment	  of	  
phosphopeptides	   from	  synthetic	  mixtures	   [102].	   	  Thus,	  using	  a	  mixture	  of	  digested	  
phosphopeptides	   (β-­‐casein	   and	   ovalbumin)	   and	   nonphosphorylated	   peptides	   (BSA	  
and	  β-­‐lactoglobulin),	   it	  was	  demonstrated	  that	  the	  Pro-­‐Q®	  Diamond	  resin	  bound	  a	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Table	  1-­‐2	  Examples	  of	  some	  key	  publications	  pertaining	  to	  the	  refinement	  of	  IMAC	  methodology	  














Fabrication	  of	  nanoscale	  IMAC	  column	  (silica	  
monolith	  modified	  with	  IDA	  then	  charged	  with	  
Fe3+)	  
Demonstrated	  applicability	  to	  small-­‐
scale	  analyses	  by	  identifying	  29	  
phosphopeptides	  from	  12	  µg	  mouse	  
liver	  lysate.	  
[95]	  
Fabrication	  of	  open	  tubular	  capillary	  covalently	  
bound	  with	  polystyrene	  latex	  nanoparticles	  
which	  were	  derivatised	  with	  IDA	  and	  charged	  
with	  Fe3+	  
Recovery	  of	  two	  synthetic	  (pSer	  and	  
pThr)	  phosphopeptides	  spiked	  into	  a	  
10-­‐fold	  excess	  of	  tryptic	  myoglobin	  
peptides	  was	  shown	  to	  be	  between	  92	  
and	  95%;	  however,	  several	  
nonphosphorylated	  peptides	  were	  also	  
recovered.	  
[96]	  
IMAC	  beads	  immobilised	  within	  an	  ethylene	  
glycol	  dimethacrylate	  (EGDMA)	  polymer	  set	  
inside	  disposable	  polypropylene	  pipette	  tips	  
Demonstrated	  to	  enrich	  for	  β-­‐casein	  
tryptic	  phosphopeptides;	  however,	  












1,1,1,3,3,3-­‐hexafluoroisopropanol	  (HFIP)	  in	  the	  
loading	  and	  washing	  buffer,	  to	  disrupt	  certain	  
secondary	  structural	  elements	  	  
Using	  a	  simple	  model,	  no	  
phosphopeptides	  detected	  in	  wash-­‐
through	  in	  contrast	  to	  wash-­‐through	  
from	  standard	  loading	  and	  washing	  
buffers.	  
[93]	  
Development	  of	  optimised	  loading	  buffer	  
(1:1:1	  v/v/v	  MeCN	  :	  MeOH	  :	  0.1%	  AcOH	  in	  H2O)	  
Demonstrated	  a	  greater	  than	  four-­‐fold	  
improvement	  in	  phosphopeptide	  
recoveries	  in	  comparison	  with	  a	  
previously-­‐used	  protocol.	  
[92]	  	  	  
Alternative	  eluents	  e.g.	  2,5-­‐dihydroxybenzoic	  
acid	  (DHB)	  and	  phosphoric	  acid	  (PA),	  PA	  and	  
MeCN	  	  
Sample	  can	  be	  eluted	  directly	  onto	  
MALDI	  target,	  minimising	  sample	  
handling	  (classic	  IMAC	  eluents	  e.g.	  
ammonium-­‐based	  solutions	  are	  
incompatible	  with	  MALDI	  target).	  
[98],	  [99]	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1.5.2	  	   Metal	  Oxide	  Affinity	  Chromatography	  
 
1.5.2.1 Titanium Dioxide 
	  
In	  2004,	  Pinkse	  et	  al.	  proposed	  the	  use	  of	  TiO2	  columns	  as	  an	  alternative	  to	  IMAC	  for	  
phosphopeptide	   enrichment	   [103]	   (Figure	   1-­‐5).	   	   This	   followed	   earlier	   studies	   by	  
Ikeguchi,	   in	   which	   titania	   columns	   were	   shown	   to	   retain	   water-­‐soluble	   organic	  
phosphates	  under	  acidic	  conditions	  [104].	   	  TiO2	   is	  amphoteric,	  behaving	  either	  as	  a	  
Lewis	   acid	   or	   as	   a	   Lewis	   base	   depending	   on	   environmental	   pH;	   under	   acidic	  
conditions	  it	  therefore	  exhibits	  anion-­‐exchange	  properties	  [105].	  	  Importantly,	  it	  has	  
been	   shown	   to	   be	   selective	   for	   phosphorylated	   species:	   using	   IR	   spectroscopy,	  
McQuillan	  and	  co-­‐workers	  determined	  the	  Langmuir	  binding	  constant	  for	  phosphate	  
onto	   TiO2	   at	   pH	   2.3	   to	   be	   3.8	   	   (±	   0.8)	  ×	   104	  M-­‐1	   [106].	   	   In	   contrast,	   the	   Langmuir	  
binding	  constant	  for	  Asp	  onto	  TiO2	  at	  pH	  3.0	  was	  calculated	  as	  be	  9.0	  (	  ±	  2.0)	  ×	  103	  
M-­‐1	  [107].	  	  TiO2	  boasts	  high	  mechanical,	  chemical	  and	  thermal	  stability,	  and	  has	  the	  
advantage	  over	  IMAC	  that	  it	  does	  not	  require	  a	  time-­‐consuming	  resin-­‐charging	  step.	  
	  
However,	   whilst	   TiO2	   is	   said	   to	   display	   greater	   affinity	   for	   phosphorylated	   species	  
than	   for	   carboxylated	   species,	   undesirable	   binding	   by	  Glu	   and	   Asp	   residues	   is	   still	  
very	   much	   an	   acknowledged	   limitation	   of	   the	  method.	   	   A	   number	   of	   researchers	  
have	  reported	  methods	  to	  reduce	  co-­‐retention	  of	  nonphosphorylated,	  carboxylated	  
peptides,	   as	   summarised	   in	   Table	   1-­‐3.	   	   For	   example,	   using	   (nonphosphorylated)	  
[Glu1]-­‐fibrinopeptide	  B	  (EGVNDNEEGFFSAR)	  as	  a	  model	  acidic	  peptide,	  Pinkse	  et	  al.	  
demonstrated	   that	   O-­‐methylation	   prior	   to	   enrichment,	   in	   accordance	   with	   the	  
method	   of	   Ficarro	   et	   al.	   [91],	   can	   reduce	   -­‐	   though	   not	   eliminate	   -­‐	   binding	   of	  
carboxylated	  species	  to	  TiO2	  [103].	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Figure	  1-­‐5	  Overview	  of	  TiO2	  chromatography	  for	  phosphopeptide	  enrichment:	  
1)	   Mixture	   of	   phosphorylated	   (orange	   colour)	   and	   nonphosphorylated	   (blue	   colour)	   peptides	   added	   to	  
column	  containing	  TiO2	  beads.	  	  
2)	  Nonphosphorylated	  peptides	  washed	  through	  the	  column,	  whilst	  phosphorylated	  species	  are	  bound	  to	  
the	  TiO2.	  	  Inset	  (a)	  shows	  expected	  structure	  of	  TiO2	  -­‐	  phosphopeptide	  complex.	  
3)	  Elution	  of	  phosphopeptides	  from	  column	  (typically	  pH	  >9).	   	  Phosphopeptides	  now	  separated	  from	  the	  
nonphosphorylated	  species	  and	  ready	  for	  MS	  analysis.	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Klemm	   et	   al.	   carried	   out	   a	   systematic	   study	   of	   selected	   intrinsic	   properties	   (for	  
example,	  hydrophobicity	  and	  the	  number	  of	  acidic	  and	  basic	  residues)	  of	  an	  array	  of	  
41	   synthetic	  peptides,	   to	  establish	  which	   factors	   affect	  binding	   to	   TiO2	   [110].	   	   The	  
level	  of	  phosphopeptide	  binding	  was	  shown	  to	  be	  independent	  of	  the	  nature	  of	  the	  
phosphorylated	   residue	   (Ser,	   Thr	   or	   Tyr).	   	   The	   authors	   also	   investigated	   ionisation	  
suppression	   effects,	   by	   comparing	   MALDI	   intensity	   ratios,	   relative	   to	   an	   internal	  
standard,	  before	  and	  after	  enrichment.	  	  They	  found	  that	  >	  50%	  of	  phosphopeptides	  
investigated	  were	  below	  the	  threshold	  of	  detection	  before	  enrichment.	  	  Additionally,	  
of	  several	  of	  the	  phosphopeptides	  that	  were	  detectable	  before	  enrichment,	  relative	  
signal	   intensity	   increased	   after	   enrichment;	   this	   is	   indicative	   of	   an	   ionisation	  
suppression	   phenomenon,	   and	   was	   determined	   to	   be	   a	   factor	   of	   amino	   acid	  
sequence.	  	  However,	  it	  is	  worth	  noting	  that	  the	  internal	  standard	  used	  -­‐	  neurotensin	  
-­‐	   was	   nonphosphorylated,	   and	   one	   would	   therefore	   expect	   this	   to	   have	   wielded	  
some	   degree	   of	   effective	   signal	   suppression	   itself.	   	   The	   same	   authors	   also	  
investigated	   the	   amino	   acid	   content	   of	   nonphosphorylated	   peptides	   retained	   by	  
TiO2,	   using	   nanoLC-­‐ESI-­‐MS/MS	   analysis	   of	   a	   complex	   tryptic	   digest	   [110].	   	   It	   was	  
Table	  1-­‐3	  Overview	  of	  attempts	  to	  reduce	  co-­‐retention	  of	  nonphosphorylated	  peptides	  during	  
phosphopeptide	  enrichment	  using	  TiO2	  
Overview	   Result	   Reference	  
O-­‐methylate	  (methanolic	  HCl)	  peptide	  mixture	  
prior	  to	  enrichment	  
Some	  nonphosphorylated,	  
carboxylated	  peptides	  still	  recovered,	  
although	  fewer	  than	  without	  	  
O-­‐methylation	  step	  
[103]	  
DHB	  or	  phthalic	  acid	  in	  loading	  buffer	  	  
One	  or	  two	  nonphosphorylated	  
peptides	  still	  recovered;	  however	  
greater	  number	  of	  phosphopeptides	  
identified	  than	  if	  using	  standard	  buffer	  
conditions	  (0.1%	  TFA)	  
[16,	  108]	  	  	  
OSA	  and	  DHB	  in	  loading	  buffer	   As	  above	   [109]	  
NH4Glu	  in	  wash	  step	  
Some	  nonphosphorylated	  peptides	  still	  
recovered,	  although	  fewer	  than	  
without	  the	  NH4Glu	  wash	  step	  
[105]	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demonstrated	  that	  such	  peptides	  contained	  significantly	  greater	  proportions	  of	  Asp	  
and	  Glu,	   accompanied	  by	  a	   substantially	   reduced	  number	  of	  hydrophobic	   residues	  
(i.e.	  Val,	  Leu,	  Ile	  and	  Phe).	  	  It	  is	  apparent	  that	  acidic,	  hydrophilic	  peptides	  contribute	  
most	  to	  non-­‐specific	  binding	  to	  TiO2	  
	  
Larsen	   and	   co-­‐workers	   proposed	   the	   use	   of	   DHB	   or	   phthalic	   acid	   in	   the	   loading	  
buffer,	   to	   replace	  O-­‐methylation	  as	  a	  means	  of	   reducing	  binding	  of	  acidic	  moieties	  
[16,	   108].	   	   The	   authors	   demonstrated	   an	   impressive	   selective	   isolation	   of	  
phosphopeptides	   from	  an	  α-­‐casein	   tryptic	   digest	   [16].	   	   A	   putative	  mechanism	  was	  
proposed;	   following	   IR	   spectroscopic	   studies	  by	  McQuillan	  et	  al.	   [106,	  107,	  111],	   it	  
was	   suggested	   that	   o-­‐substituted	   aromatic	   acids	   (DHB,	   phthalic	   acid)	   and	   acidic	  
nonphosphorylated	   peptides	   adsorb	   to	   TiO2	   via	   a	   very	   different	   coordination	  
geometry	  to	  that	  of	  phosphorylated	  species	  (cyclic	  chelate	  versus	  bridging	  bidentate,	  
Figure	   1-­‐6).	   	   Therefore	  o-­‐substituted	  aromatic	  acids	  effectively	   compete	  with	  acidic	  
residues	   for	   binding	   sites	   on	   the	   TiO2	   surface,	   in	   this	   way	   reducing	   the	   levels	   of	  
nonphosphorylated	   species	   retained.	   	   This	   is	   further	   supported	  by	   the	  observation	  
that	  other	  acids	  (TFA,	  PA,	  benzoic	  acid)	  are	  considerably	   less	  effective	  than	  DHB	  or	  
phthalic	  acid	  in	  reducing	  binding	  of	  carboxylated	  peptides	  [16].	  	  	  
	  
Use	  of	  DHB	  in	  the	  loading	  buffer	  appears	  to	  be	  less	  suitable	  for	  ESI	  than	  for	  MALDI	  
MS,	   since	   residual	   DHB	   has	   been	   reported	   to	   contaminate	   the	   electrospray	   ion	  
source;	  for	  this	  reason,	  Larsen	  et	  al.	  suggested	  that	  phthalic	  acid	  be	  employed	  in	  the	  
Figure	  1-­‐6	  Binding	  modes	  of	  salicylate	  and	  phosphate	  species	  adsorbed	  to	  TiO2	  at	  pH	  2.3,	  as	  proposed	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TiO2	  loading	  buffer	  prior	  to	  ESI-­‐MS	  [108].	   	  Mazanek	  et	  al.	  also	  addressed	  this	  issue,	  
and	  proposed	  a	  combination	  of	  the	  ion-­‐pairing	  agent	  sodium	  1-­‐octansulfonate	  (OSA)	  
and	  lower	  concentrations	  of	  DHB	  as	  the	  TiO2	  loading	  buffer	  when	  ESI	  is	  used	  [109].	  	  
They	   compared	   the	   use	   of	   DHB,	   OSA	   and	   a	   combination	   of	   the	   two	   in	   TiO2	  
enrichment	  of	  BSA-­‐derived	  tryptic	  phosphopeptides.	  	  Whilst	  the	  mixture	  of	  DHB	  and	  
OSA	  was	  found	  to	  be	  optimal,	  acidic	  nonphosphorylated	  peptides	  were	  still	  seen	  in	  
the	  eluate.	   	  Alternatively,	  Yu	  et	  al.	  claim	  that	  use	  of	  NH4Glu	   in	  the	  wash	  step	   is	  an	  
effective	  means	   of	   abrogating	   retention	   of	   nonphosphorylated	   peptides,	   and	   that	  
(with	  ESI)	  this	  is	  more	  effective	  than	  the	  use	  of	  DHB	  proposed	  by	  Larsen	  et	  al.	  [105].	  	  
Whilst	   the	   majority	   of	   data	   given	   only	   compared	   glutamic	   acid	   with	   TFA,	   where	  
glutamic	  acid	  was	  compared	  with	  DHB,	  it	  was	  apparent	  that	  -­‐	  at	  least	  with	  the	  simple	  
model	   peptides	   studied	   -­‐	   both	   methods	   still	   yielded	   a	   very	   small	   level	   of	  
nonphosphorylated	  peptides	  in	  the	  eluate.	  
	  
Acknowledging	  the	   limitations	  and/or	  complementarity	  of	  both	  IMAC	  and	  TiO2,	  the	  
current	  trend	   is	   to	  sequentially	  subject	  samples	  to	  both	  enrichment	  methods.	   	  The	  
drawback	   of	   additional	   sample	   pre-­‐treatment	   steps	   is	   increased	   sample	   loss	  
(adsorptive	  loss)	  as	  well	  as	  extra	  labour	  for	  the	  lab	  worker.	  
	  
1.5.2.2 Other Metal Oxides 
	  
In	  2006,	  two	  years	  after	  the	   introduction	  of	  TiO2	  as	  an	  alternative	  to	   IMAC,	  Kweon	  
and	   Håkansson	   reported	   that	   ZrO2	   is	   also	   an	   effective	   phosphopeptide	   sorbent;	  
importantly,	  its	  performance	  is	  complementary	  to	  that	  of	  TiO2	  (vide	  infra)	  [112].	  	  Like	  
TiO2,	   ZrO2	   has	   amphoteric	   properties	   and	   behaves	   as	   an	   anion-­‐exchange	  material	  
under	  acidic	  conditions,	  with	  demonstrable	  selectivity	  for	  phosphate.	  	  It	  also	  has	  the	  
advantages	   of	   being	   thermally	   stable	   (monoclinic	   zirconia	   thermally	   stable	   up	   to	  
400˚C	  [113,	  114])	  and	  stable	  towards	  extremes	  of	  pH	  (pH	  1-­‐14	  [114]).	  	  Furthermore,	  
it	  is	  more	  time-­‐efficient	  to	  use	  than	  IMAC,	  since	  it	  does	  not	  require	  a	  metal-­‐loading	  
step.	   	   Thus,	   Kweon	   and	   Håkansson	   successfully	   enriched	   for	   phosphopeptides	  
derived	  from	  α-­‐	  and	  β-­‐casein	  digests,	  using	  commercial	  ZrO2	  tips.	  	  In	  comparing	  TiO2	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and	   ZrO2	   they	   commented	   that,	   "In	   our	   hands,	   either	   technique	   is	   more	   selective	  
than	  IMAC,	  similar	  to	  the	  results	  obtained	  previously	  by	  Larsen	  et	  al."	  [16].	  	  Of	  course,	  
this	  statement	  would	  have	  been	  more	  credible	  had	  the	  authors	  actually	  reported	  a	  
direct	   comparison	  of	   ZrO2	   chromatography	  with	   IMAC!	   	   From	   the	  point	  of	   view	  of	  
the	  reader,	   it	  would	  be	  unwise	  to	  compare	  one	  group's	   IMAC	  results	  with	  the	  ZrO2	  
chromatography	   results	  of	  another	  group,	  even	   if	   the	   same	  protein	   is	  used:	   this	   is	  
because	  variations	  in	  digest	  recipes,	  instruments,	  and	  even	  lab	  workers	  is	  known	  to	  
affect	   the	  outcome	  of	  such	  experiments	   (hence	  the	   frequent	  use	  of	   the	  phrase	  "in	  
our	  hands"	  in	  biology/proteomics	  publications).	  	  
	  
Interestingly,	  however,	  it	  was	  observed	  that	  the	  relative	  abundance	  of	  singly	  versus	  
multiply	  phosphorylated	  peptides	  differs	  between	  the	  two	  inorganic	  sorbents,	  with	  
singly-­‐phosphorylated	  peptides	  being	  enriched	  to	  a	  greater	  extent	  by	  ZrO2	   than	  by	  
TiO2,	  and	  vice	  versa	  (note	  that	  physical	  characteristics	  of	  the	  two	  materials	  used	  e.g.	  
surface	  roughness,	  porosity	  etc.	  were	  not	  taken	  into	  consideration).	  	  It	  was	  therefore	  
suggested	  that	  the	  choice	  between	  TiO2	  and	  ZrO2	  may	  be	  tailored	  according	  to	  the	  
specific	  application.	  
	  
A	  number	  of	  other	  authors	  have	  since	  published	  reports	  of	  various	  zirconia-­‐bearing	  
materials	  designed	  for	  phosphopeptide	  enrichment.	  	  It	  should	  be	  noted	  that	  in	  many	  
instances	   these	   reports	   barely	   acknowledge	   the	   preceding	   work	   of	   Kweon	   and	  
Håkansson;	   indeed,	  one	  might	  even	  be	   led	   to	  believe	   that	   these	  other	  authors	  are	  
presenting	  for	  the	  first	  time	  the	  concept	  of	  enrichment	  using	  zirconia,	  as	  opposed	  to	  
an	  alternative	   format	   for	   an	  existing	  method.	   	   For	   example,	   Zhou	  et	  al.	   generated	  
ZrO2	  nanoparticles,	  obtained	  by	  precipitation	   from	  an	  aqueous	   solution	  of	   zirconyl	  
chloride	  at	  pH	  10	   [115].	   	   Like	  Kweon	  and	  Håkansson,	   these	  authors	  demonstrated	  
phosphopeptide	   enrichment	   from	   α-­‐	   and	   β-­‐casein	   digests.	   	   Sadly	   they	   directly	  
compared	   their	   ZrO2	   nanoparticles	   only	   with	   IMAC,	   not	   with	   the	   commercial	   tips	  
used	   by	   Kweon	   and	   Håkansson,	   and	   so	   one	   cannot	   determine	   if	   there	   are	   any	  
significant	  advantages	  to	  using	  such	  nanoparticles;	  they	  do,	  however,	  say	  that	  their	  
nanoparticles	   afforded	   no	   differences	   in	   affinity	   for	   singly-­‐phosphorylated	   and	  
multiply-­‐phosphorylated	   peptides.	   	   The	   reader	   is	   unable	   to	   properly	   compare	   the	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two	  sets	  of	  results	  due	  to	  differences	  in	  instrumentation,	  sample	  concentrations	  and	  
variations	  between	  different	  batches	  of	  digest.	  	  	  	  
	  
Other	   metal	   oxides	   are	   continually	   being	   reported	   as	   novel	   methods	   of	  
phosphopeptide	   enrichment.	   	   To	   date,	   the	   list	   includes:	  Al(OH)3	   [116];	  HfO2	   [117];	  
Ta2O5	   [118];	   SnO2	   [119]	   and	  Nb2O5	   [120].	   	  However,	  most	   of	   the	   abovementioned	  
publications	  have	  yet	  to	  go	  beyond	  simple	  proof-­‐of-­‐principle	  experiments	  and	  would	  
benefit	  from	  direct	  comparison	  with	  other	  methods	  of	  phosphopeptide	  enrichment.	  	  
A	  short	  review	  of	  this	  field	  is	  provided	  by	  Leitner	  [121].	  
	  
1.6 Other Developments 
	  
Recently,	   a	   number	   of	   groups	   have	   independently	   proposed	   (very	   similar)	  
phosphopeptide	   isolation	  protocols	  based	  on	  isoelectric	  focusing	  [122-­‐124].	   	  This	   is	  
founded	   upon	   the	   observation	   that,	   whilst	   the	   isoelectric	   points	   (pI	   values)	   of	   a	  
range	   of	   phosphorylated	   and	   nonphosphorylated	   peptides	   overlap	   and	   span	   the	  
range	   4-­‐10,	  methylation	   of	   Asp	   and	  Glu	   residues	   results	   in	   a	   significant	   difference	  
between	  these	  two	  sets	  of	  pI	  values.	  	  Thus,	  the	  pI	  of	  methylated	  phosphopeptides	  is	  
typically	  less	  than	  7.5,	  and	  that	  of	  methylated	  nonphosphorylated	  peptides	  tends	  to	  
be	  greater	  than	  9.0.	  	  When	  isoelectric	  focusing	  is	  performed	  using	  an	  immobilised	  pH	  
gradient	   (IPG)	   gel,	   phosphopeptides	   can	   be	   extracted	   from	   cut-­‐out	   strips	   of	   the	  
appropriate	   region	   of	   the	   gel.	   	   This	   approach	   does	   have	   a	   number	   of	   drawbacks	  
including	   side-­‐reactions	   involving	   deamidation	   and	   subsequent	  methylation	   of	   Asn	  
and	  Gln,	  and	  ester	  hydrolysis	  at	  alkaline	  (pH	  9	  and	  above)	  sections	  of	  the	  gel	  
 
1.7  Enrichment Methods Involving      
    Chemical Derivatisation 
	  
As	   an	   alternative	   to	   affinity	   purification	   of	   intact	   O-­‐phosphorylated	   species,	   a	  
number	   of	   enrichment	   protocols	   are	   centred	   solely	   on	   the	   conversion	   of	   the	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phosphate	   group	   to	   another	   functionality,	   in	   this	   way	   facilitating	   isolation	   of	   the	  
phosphopeptide	   /phosphoprotein.	   	   Whilst	   in	   theory	   this	   affords	   highly	   selective	  
recovery,	   in	   practice	   such	   a	  mode	   of	   enrichment	   is	   scarcely	   applied	   beyond	  mere	  
case	   studies	   and	   methods	   papers.	   	   Generally	   speaking,	   problems	   with	   these	  
approaches	  pertain	  to	  possible	  side-­‐reactions,	  which	  increase	  sample	  complexity	  and	  
complicate	   analysis,	   and	   low	   recoveries,	   due	   to	  both	   sample	   loss	   (handling	   and/or	  
adsorptive	   loss)	   and	   poor	   reaction	   yields	   [62,	   125].	   	   In	   several	   of	   the	   strategies	  
discussed	   below,	   once	   all	   protecting	   group	   steps	   are	   taken	   into	   consideration,	   as	  
many	  as	  six	  synthesis	  steps	  are	  required.	  	  It	  is	  understandable	  that	  non-­‐chemists	  may	  
find	  such	  enrichment	  protocols	  daunting,	  as	  well	  as	  inefficient.	  
	  
In	   general,	   there	   are	   two	   classes	   of	   phosphate	   derivatisation	   protocol:	   those	  
involving	  β-­‐elimination	  of	   the	  phosphate	   group	   and	   those	   in	  which	   the	  phosphate	  
group	  undergoes	  covalent	  capture.	  	  With	  regard	  to	  the	  former	  approach,	  Oda	  et	  al.	  
proposed	   a	   route	   in	   which	   phosphoserine	   residues	   undergo	   base-­‐catalysed	  
β-­‐elimination,	   followed	   by	   Michael	   Addition	   with	   1,2-­‐ethanedithol	   (Scheme	   1-­‐1)	  
[29].	   	   The	   resulting	   free	   sulfhydryl	   is	   coupled	   to	   biotin,	   allowing	   purification	   of	  
phosphopeptides	  by	  avidin	  affinity	  chromatography.	   	  An	  analogous	  reaction	  occurs	  
for	  phosphothreonyl	  residues,	  albeit	  with	  a	  slower	  rate	  constant.	  	  Similar	  approaches	  
have	   been	   described	   by	  McLachlin	   and	   Chait,	   using	   a	   commercial	   affinity	   resin	   in	  
place	  of	  biotin	  [126],	  and	  by	  both	  Goshe	  et	  al.	  and	  van	  der	  Veeken	  et	  al.,	   in	  which	  
the	   affinity	   tag	   is	   deuterated	   to	   allow	   quantitative	   analysis	   ("Phosphoprotein	  
Isotope-­‐coded	  Affinity	  Tag",	  PhIAT)	  [127,	  128].	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Scheme	  1-­‐1	  Phosphopeptide	  enrichment	  protocol	  proposed	  by	  Oda	  et	  al.	  [29]:	  
i) 30% H2O2, 88% PhOH, HCO2H, 4˚C, 16 h [to oxidise cysteine residues], then concentration in vacuo; ii) 
LiOH, EtOH; iii) 1,2-ethanethiol, EtOH, 37˚C, 1 h then AcOH, acetone, -40˚C, 1 h then centrifugation then 
EtOH, 8 M urea, 0.5% CHAPS, TRIS⋅HCl in 0.1 M NaHPO4 [pH 6.8]; iv) biotin linker, 2 × dialysis against 
50 mM NH4HCO3; v) affinity purification on avidin matrix (wash with 200 mM Na2PO4 [pH 7.0] containing 
2% CHAPS and 150 mM NaCl, then with H2O); vi) elution with 1:1 v/v MeCN: H2O	  (containing	  0.1%	  v/v	  
TFA). 
(11) (12) (13) 
(14) 
(15) 
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Only	  phosphoseryl	   (and	   to	  a	   lesser	  extent,	  phosphothreonyl)	   residues	  will	  undergo	  
Scheme	  1-­‐2	  	  Phosphopeptide	  enrichment	  protocol	  proposed	  by	  Li	  and	  Zeng	  [30]:	  
i)	  1	  M	  methylisothiourea	  (aq),	  65˚C,	  15	  min	  then	  desalting	  and	  concentration	  in	  vacuo;	  ii)	  50	  mM	  NaHPO4	  [pH	  
7.0],	   1-­‐methylimidazole	   (1	  M	   in	  MeCN),	   1-­‐acetyl	   hydroxyl	   succinimide	   ester	   (1	  M	   in	  MeCN),	   RT,	   30	  min;	   iii)	  
desalting,	  50	  mM	  HEPES	  [pH	  7.2],	  1	  mM	  MgCl2,	  alkaline	  phosphatase,	  15	  min;	   iv)	  500	  µM	  BAC	  (N-­‐biotinyl-­‐4-­‐
amino-­‐2-­‐methylbutan-­‐2-­‐yl	   2-­‐mercaptoethyl	   carbamate),	   tyrosinase,	   RT,	   1	  h;	  v)	   SCX	   resin	   [to	   remove	   excess	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Only	  phosphoseryl	   (and	   to	  a	   lesser	  extent,	  phosphothreonyl)	   residues	  will	  undergo	  
β-­‐elimination,	  but	  the	  approach	  does	  not	  extend	  to	  phosphotyrosine	  analogues;	  this	  
is	  one	  of	  the	  main	  limitations	  of	  the	  methodology.	  	  Furthermore,	  the	  chemistry	  is	  not	  
entirely	  specific,	  thus	  unmodified	  serine	  residues	  have	  been	  reported	  to	  undergo	  a	  
dehydration	   reaction	   to	   afford	   a	   Michael	   acceptor	   (1-­‐2%	   conversion)	   [126].	  	  
Likewise,	  O-­‐glycosylated	  residues	  are	  also	  susceptible	  to	  β-­‐elimination,	  although	  this	  
side-­‐reaction	   may	   be	   precluded	   with	   the	   use	   of	   glycosidases	   or	   lectin	   affinity	  
chromatography	  prior	  to	  β-­‐elimination	  [128,	  129].	  	  There	  have	  also	  been	  reports	  of	  a	  
degree	  of	   sequence-­‐dependence	  with	   regard	   to	  β-­‐elimination	  of	  phosphoseryl	   and	  
phosphothreonyl	   residues:	   for	   example,	   poor	   reactivity	   where	   these	   residues	  
precede	   proline	   [130].	   Even	   so,	   there	   may	   be	   significant	   benefits	   to	   adopting	   a	  
β-­‐elimination/Michael	   addition	   enrichment	   method:	   removal	   of	   the	   phosphate	  
group	  prevents	  problems	  owing	  to	  the	   ionisation	   inefficiency	  of	  negatively-­‐charged	  
phosphopeptides	  and	  false	  results	  arising	  from	  the	  inherent	  lability	  of	  the	  phosphate	  
group.	  
	  
More	   recently,	   Li	   and	   Zeng	   have	   proposed	   a	   lengthy	   and	   somewhat	   imaginative	  
protocol	  for	  the	  chemoenzymatic	  enrichment	  of	  phosphotyrosinyl	  residues	  (Scheme	  
1-­‐2)	   [30].	   	   Following	   necessary	   protecting	   group	   steps,	   phosphotyrosine-­‐bearing	  
peptides	  are	  subjected	  first	  to	  phosphatase	  treatment	  and	  then	  to	  incubation	  with	  a	  
tyrosinase.	   	   This	   latter	   enzyme	   catalyses	   oxidation	   of	   tyrosine	   to	   an	   o-­‐dihydroxyl	  
phenylalanine	   intermediate,	   which	   undergoes	   immediate	   Michael	   addition	   of	   a	  
biotinylated	   linker	   (N-­‐biotinyl-­‐4-­‐amino-­‐2-­‐methylbutan-­‐2-­‐yl	   2-­‐
mercaptoethylcarbamate,	   BAC)	   followed	   by	   isolation	   via	   avidin	   affinity	  
chromatography.	   	  Using	  a	  model	  digest,	   it	  was	  demonstrated	   that	  mass	   spectra	  of	  
the	   isolated	   phosphopeptides	   exhibited	   a	   lower	   signal-­‐to-­‐noise	   ratio	   than	   those	  
obtained	  using	  anti-­‐phosphotyrosine	  antibodies	   -­‐	  although	  the	  extent	   to	  which	  the	  
signal	   of	   the	   derivatised	   phosphopeptides	   was	   augmented	   as	   a	   direct	   result	   of	  
removal	  of	  the	  phosphate	  moiety	  and/or	  guanidination	  of	  the	  C-­‐terminal	  lysine	  was	  
not	  addressed.	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Zhou	   et	   al.	   have	   developed	   an	   enrichment	   protocol	   involving	   conversion	   of	   a	  
phosphate	  to	  a	  phosphoramidate	  (Scheme	  1-­‐3)	  [31].	  	  This	  undergoes	  acid-­‐mediated	  
Scheme	  1-­‐3	  Phosphopeptide	  enrichment	  protocol	  proposed	  by	  Zhou	  et	  al.	  [31]	  
i)	   0.1	  M	  NaHPO4	   [pH	  11.0],	   0.1	  M	   tBoc,	   4	  h,	   RT	   then	   concentration	   in	   vacuo;	   ii)	   1	  M	  ethanolamine,	   25	  mM	  
NHS,	  0.5	  M	  EDC,	  2	  h,	  RT;	  iii)	  10%	  v/v	  TFA,	  30	  min,	  RT	  then	  C18	  column;	  iv)	  1	  M	  imidazole	  [pH	  6.0],	  0.5	  M	  EDC,	  
3	  h,	   RT	   then	  C18	   column	  with	   1	  M	   cystamine,	   2	  h,	   50˚C;	  v)	   10	  mM	  DTT	   then	   4:1	   v/v	  MeCN:0.1%	   TFA	   then	  
incubate	  with	   beads	   [red	   sphere	   in	   diagram]	   (aminopropyl	  modified	   controlled	   pore	   glass	   (200-­‐400	  mesh,	  
pore	  size	  500	  Å)	  derivatised	  with	  iodoacetyl	  groups),	  1	  M	  TRIS	  [pH	  8.0],	  2	  h;	  vi)	  1	  M	  hydroxylamine	  [pH	  10.0],	  
2	  h,	  RT	  [to	  restore	  tyrosine	  residues];	  vii)	  2	  M	  NaCl	  then	  MeOH	  then	  H2O	  then	  100%	  TFA	  for	  30	  min,	  RT.	  
(22) (23) (24) 
(25) (26) 
(27) 
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hydrolysis	   and	   subsequent	   addition	   of	   1,2-­‐ethanedithiol,	   and	   the	   newly-­‐formed	  
sulfhydryl	  can	  be	  reacted	  with	  iodoacetyl	  groups	  immobilised	  on	  glass	  beads.	  	  Whilst	  
the	  strategy	  involves	  relatively	  substantial	  chemical	  modification	  (six	  steps	  in	  total),	  
it	   has	   the	   advantage	   of	   being	   applicable	   to	   serine,	   threonine	   or	   tyrosine	   residues.	  	  
The	   approach	  was	   recently	   extended	   to	   phosphoramidate	   coupling	  with	   aminated	  
dendrimers,	  where	  the	   immobilised	  phosphorylated	  species	  could	  be	   isolated	  from	  
complex	  mixtures	  using	  a	  size-­‐selective	  filter	  [131].	  
	  
An	   enrichment	   strategy	   described	   by	   Lansdell	   and	   Tepe	   entails	   reaction	   of	  
phosphorylated	   residues	   with	   α-­‐diazo-­‐substituted	   resins,	   prepared	   from	  
commercially	  available	  Wang	  resins	  (Scheme	  1-­‐4)	  [32].	  Carboxylate	  moieties	  must	  be	  
protected	  via	  O-­‐methylation.	  	  Following	  removal	  of	  the	  nonphosphorylated	  species,	  
phosphopeptides	  are	  cleaved	   from	  the	   resin	  using	  90%	  TFA.	   	  To	  date,	   this	  method	  
has	   only	   been	   demonstrated	   for	   enrichment	   of	   a	   single,	   model	   phosphotyrosine	  
peptide.	  	  
	  
Finally,	   Warthaka	   et	   al.	   developed	   a	   strategy	   wherein	   phosphate	   groups	   are	  
activated	  (using	  triphenylphosphine	  and	  dithiopyridine)	  for	  coupling	  with	  a	  hydroxyl	  
or	   amine	   [132].	   	   The	   reaction	   is	   selective	   over	   O-­‐glycosylated	   residues,	   but	  
carboxylates	  must	  be	  prior	  protected.	  	  Using	  synthetic	  phosphopeptides,	  conversion	  
of	   phosphothreonyl,	   phosphoseryl	   and	   phosphotyrosinyl	   residues	  was	   reported	   to	  
be	   90%,	   89%	   and	   58%	   respectively.	   	   When	   the	   method	   was	   used	   to	   couple	  
phosphopeptides	   from	   a	   β-­‐casein	   tryptic	   digest	   to	   glycine-­‐conjugated	  Wang	   resin,	  
quantitative	  MS	  indicated	  a	  37%	  recovery;	  this	  was	  compared	  to	  a	  20-­‐35%	  recovery	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Scheme	  1-­‐4	  Phosphopeptide	  enrichment	  protocol	  proposed	  by	  Lansdell	  and	  Tepe	  [32]:	  
i)	  AcCl,	  MeOH,	  30	  min,	  RT;	   ii)	  α-­‐diazo	  resin	  [prepared	  as	  follows	  from	  commercially	  available	  Wang	  resin:	  1)	  
2,6-­‐dichloro	   benzoyl	   chloride,	   FMOC-­‐glycine,	   pyridine;	   2)	   20%	   v/v	   piperidine,	   DMF;	   3)	   NaNO2,	   H2O,	   H2SO4,	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Immunoprecipitation	  entails	  the	  use	  of	  an	  antibody	  to	  precipitate	  an	  antigen	  out	  of	  
solution	  (usually	  through	  the	  addition	  of	  a	  secondary	  antibody	  linked	  to	  an	  insoluble	  
particle	   e.g.	   sepharose	   bead).	   	   Using	   anti-­‐phosphoamino	   acid	   antibodies,	  
conventional	   immunoprecipitation	   has	   been	   applied	   as	   an	   alternative	   strategy	   for	  
phosphopeptide/phosphoprotein	   enrichment.	   	  However,	  whilst	   robust	   and	   specific	  
anti-­‐phosphotyrosine	  antibodies	  are	  available	  (e.g.	  4G10	  and	  pY100)	  [133,	  134],	  it	  is	  
widely	   accepted	   that,	   to	   date,	   commercially	   available	   antibodies	   against	  
phosphoserine	   and	   phosphothreonine	   are	   of	   insufficiently	   low	   affinity	   [37,	   135].	  	  
This	  poses	  limitations	  in	  when	  one	  considers	  that	  >	  90%	  phosphorylation	  occurs	  on	  
serine	  or	  threonine	  residues	  [136].	   	   Immunoprecipitation	  of	  known	  phosphorylated	  
proteins	   is	   routinely	   carried	   out	   using	   antibodies	   raised	   against	   particular	  
phosphorylated	  motifs	   [56,	   136];	   however,	   this	   requires	   that	   antibodies	   be	   raised	  
against	  a	  known	  phosphorylated	  protein	  and	  is	  therefore	  ineffective	  in	  the	  search	  for	  
novel	  phosphosites.	  
 
1.9 Requirement for a Superior Enrichment 
  Method 
	  
All	   of	   the	   established	   enrichment	   methods	   have	   received	   considerable	   attention	  
over	   recent	   years,	   particularly	   in	   terms	   of	   optimisation	   and	   refinement;	   this	  
underlines	  their	   importance	  and	  necessity	   in	  modern	  phosphoproteomics.	   	  Yet	   it	   is	  
clear	  that	  current	  methodologies	  are	  far	  from	  adequate,	  either	  due	  to	  non-­‐specificity	  
for	   phosphorylated	   species	   and/or	   because	   substantial	   chemical	   modification	   is	  
involved.	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Indeed,	   this	   very	   sentiment	   is	  
highlighted	   by	   a	   recent	   publication	  
from	   the	   group	   of	   Aebersold	   [17].	  	  
Using	   phosphopeptides	   isolated	  
from	  a	  tryptic	  digest	  of	  the	  cytosolic	  
fraction	  of	  Drosophila	  melanogaster	  
Kc167	   cells,	   the	  authors	   carried	  out	  
an	   admirably	   comprehensive	  
assessment	   of	   three	   enrichment	  
strategies:	   IMAC,	   TiO2	  
chromatography	   and	   phosphor-­‐
amidate	   chemistry.	   	   Whilst	   it	   was	  
demonstrated	   that	   each	   method	  
reproducibly	   isolated	   phospho-­‐
peptides,	   the	   methods	   nonetheless	  
differed	   in	   the	  specificity	  of	   isolation	  
and	   in	   the	   population	   of	  
phosphopeptides	   isolated.	   	   Indeed,	   of	   the	   887	   unique	   phosphorylation	   sites	  
identified	  in	  the	  study,	  IMAC,	  TiO2	  and	  phosphoramidate	  chemistry	  enriched	  for	  only	  
555,	  535	  and	  366	  respectively;	  this	  was	  illustrated	  using	  a	  Venn	  diagram	  (Figure	  1-­‐7).	  	  
It	   was	   thus	   declared	   that,	   "at	   present,	   no	   single	   method	   is	   sufficient	   for	   a	  
comprehensive	  phosphoproteome	  analysis".	  
	  
There	  is	  therefore	  a	  pressing	  requirement	  for	  a	  superior	  phosphopeptide	  enrichment	  
strategy	   that	   actually	   works,	   that	   is	   specific	   for	   phosphorylated	   species	   over	  
nonphosphorylated	  species,	  and	   that	  binds	  all	  phosphorylated	  species	  present	   in	  a	  
complex	  mixture.	  	  This	  is	  of	  major	  interest	  to	  both	  biological	  and	  medical	  research.	  	  	  
	  
To	   summarise,	   the	   ideal	   phospho-­‐enrichment	  method	   should	  exhibit	   the	   following	  
properties:	  
	  
Selective	  enrichment	  for	  all	  phosphorylated	  compounds	  present	  in	  the	  sample;	  
Figure	   1-­‐7	   Overlap	   between	   phosphopeptide	   isolation	  
methods	  on	  the	  level	  of	  phosphorylation	  sites	  identified	  in	  the	  
study	  of	  Aebersold	  et	  al.	  
Figure	  taken	  from	  reference	  [17].	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 Negligible enrichment for nonphosphorylated species; 
 Capacity to release phosphorylated compounds intact at the end, rendering 
them suitable for MS; 
 No chemical modification of the sample; 
 No requirement for radioactivity; 
 Easy to use in a biology/MS laboratory; 
 Superior performance to the current industry standards: IMAC and TiO2. 
	  
1.10 Additional Applications for a         
       Phosphospecific Affinity Sorbent 
	  
The	  initial	  intention	  of	  this	  project	  was	  to	  develop	  a	  phosphospecific	  affinity	  sorbent	  
for	  selective	  enrichment	  of	  phosphopeptides.	   	  However,	  phosphate	  is	  ubiquitous	  in	  
biological	  systems.	  	  It	  is	  not	  difficult	  to	  envisage	  therefore,	  that	  such	  a	  sorbent	  could	  
eventually	   find	   use	   in	   the	   variety	   of	   other	   applications	   that	   demand	   selective	  
isolation	  of	  phosphate-­‐bearing	   components.	   	   For	  example,	  with	   the	  progression	  of	  
systems	   biology	   it	   is	   foreseeable	   that	   other	   'phospho-­‐omics',	   such	   as	  
phosphometabolomics	   [137]	  and	  phospholipidomics	   [138-­‐141],	   	  will	  soon	  evolve.	   	  A	  
tool	   that	  can	  selectively	   isolate	  phospho-­‐species	   from	  complex	  mixtures	   is	   likely	   to	  
be	  of	  immediate	  benefit	  to	  these	  disciplines.	  	  	  
	  
1.11 Designing a Phosphospecific   
  Receptor 
	  
In	   designing	   a	   phosphospecific	   synthetic	   receptor,	   it	   is	   useful	   to	   study	  
phosphate-­‐binding	  interactions	  that	  occur	  in	  biological	  systems.	  	  A	  2005	  monograph	  
discusses	   molecular	   recognition	   elements	   between	   phosphorylated	  
proteins/peptides	  and	  their	  natural	  binding	  partners,	  with	  the	  view	  to	  initiating	  the	  
design	   of	   molecules	   with	   "...potential	   applications	   in	   assessing	   the	   extent	   of	   the	  
phosphoproteome	   using	   affinity-­‐based	   strategies"	   [19].	   	   The	   intricate	   details	   of	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various	   phospho-­‐tyrosine,	   -­‐serine	   and	   -­‐threonine	   binding	   domains	   are	   presented,	  
including	   the	   Src	   homology	   2	   (SH2)	   domains;	   phosphotyrosine	   binding	   (PTB)	  
domains;	   14-­‐3-­‐3	   proteins;	   WW	   domains;	   and	   forkhead-­‐associated	   (FHA)	   domains.	  	  
Functionalities	  that	  interact	  with	  phosphate	  groups	  include	  the	  guanidine	  moiety	  of	  
the	  arginine	  residue;	  various	  secondary	  amines;	  the	  hydroxyl	  of	  a	  serine	  or	  threonine	  
residue;	  and	  the	  carbonyl	  of	  asparagine.	  	  In	  addition,	  a	  number	  of	  bidentate	  binding	  
interactions	  occur.	  	  This	  is	  exemplified	  in	  Figures	  1-­‐8	  and	  1-­‐9.	  	  	  
	  
Similar	  findings	  were	  reported	  in	  a	  related	  study,	  in	  which	  the	  authors	  carried	  out	  a	  
statistical	   evaluation	   of	   the	   X-­‐ray	   crystal	   structures	   of	   proteins	   with	   bound	  
phosphate	   ligands	   [18].	   	   With	   every	   one	   of	   the	   receptors	   studied,	   recognition	  
evidently	   depends	   on	   the	   precise	   spatial	   organisation	   of	   appropriate	   binding	  
functionalities	  within	  the	  molecular	  pocket,	  which	  match	  reciprocal	  functionality	  on	  
the	   cognate	   ligand.	   	   This	   principle	   is	   universal	   with	   regard	   to	   natural	   host-­‐guest	  
systems,	  and	  is	  effectively	  illustrated	  by	  the	  conceptually	  simple	  'lock	  and	  key'	  model	  
of	  enzyme-­‐substrate	  specificity.	  	  	  
	  
Many	  different	  strategies	  have	  been	  employed	  for	  the	  production	  of	  synthetic	  host	  
species;	   this	   includes	   those	   produced	   by	   total	   synthesis	   [142-­‐154]	   and	   those	  
afforded	  via	  manipulation	  of	  biomolecules	  [155].	  	  Generally	  speaking,	  production	  of	  
such	   host	   species	   relies	   on	   either	   'coincidental	   fit'	   (e.g.	   combinatorial	   chemistry,	  
aptamers)	  or	  carefully	  calculated	  design-­‐and-­‐synthesis.	  	  Such	  approaches	  present	  no	  
generic	  strategy	  for	  the	  reliable	  preparation	  of	  artificial	  hosts,	  each	  candidate	  guest	  
species	  requiring	  a	  novel	  solution.	  
	  
An	  alternative	  method	  is	  to	  use	  the	  prospective	  guest	  species	  as	  a	  template,	  around	  
which	   the	   nascent	   synthetic	   receptor	   self-­‐assembles.	   	   This	   concept	   is	   the	   basis	   of	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Figure	  1-­‐8	  Section	  of	  the	  X-­‐ray	  crystal	  structure	  of	  Src	  kinase	  in	  complex	  with	  an	  
O-­‐phosphorylated	  YEEI	  tetrapeptide.	  Figure	  taken	  from	  reference	  [18].	  
 
Figure	   1-­‐9	   SH2	  Syp	  domain	   in	   complex	  with	  phospho-­‐tyrosine;	   this	   illustrates	   the	  
range	  of	  binding	   interactions	   	   involved	   in	  phosphate	  binding	   sites.	  Redrawn	   from	  
reference	  [19].	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1.12 Introduction to Molecular    
  Imprinting 
	  
Molecular	   imprinting	   is	  a	   technique	   for	   the	  preparation	  of	  polymeric	  matrices	   that	  
contain	   recognition	   sites	   of	   pre-­‐determined	   specificity	   [8,	   156-­‐158].	   	   In	   the	   usual	  
embodiment	   of	   this	   approach,	   polymerisable	   functional	  monomers	   are	   assembled	  
around	   a	   template	   molecule	   via	   specific	   reversible	   interactions,	   and	   the	   resulting	  
complex	   is	   polymerised	   in	   the	   presence	   of	   a	   cross-­‐linking	   agent	   and	   porogenic	  
solvent.	   	   Subsequent	   extraction	   of	   the	   template	  molecule	   yields	   functional	   groups	  
that	  are	  spatially	  arranged	  in	  accordance	  with	  the	  template	  molecule,	  within	  cavities	  
that	  are	  complementary	  to	  the	  shape	  and	  size	  of	  the	  template	  molecule	  (Figure	  1-­‐
10).	   	   Such	   molecularly	   imprinted	   polymers	   (MIPs)	   are	   capable	   of	   re-­‐binding	   the	  
template	  molecule,	  with	  selectivity	  over	  structurally-­‐related	  molecules	  [159].	  
	  
Whilst	  the	  field	  of	  molecular	  imprinting	  has	  burgeoned	  during	  only	  the	  last	  three	  or	  
four	   decades,	   its	   inception	   dates	   back	   to	   1931,	   when	   Polyakov	   reported	   the	  
preparation	  of	  silica	  	  matrices	  that	  bore	  selectivity	  for	  a	  particular	  template	  molecule	  
(benzene,	   toluene	  or	   xylene)	   [160].	   	   Shortly	   afterwards,	  Dickey	   (a	   student	  of	   Linus	  
Pauling)	   prepared	   an	   array	   of	   silica	   gels	   in	   the	   presence	   of	   either	   methyl	   orange	  
(p-­‐dimethylamino-­‐azobenzenesulfonic	   acid)	   or	   one	   of	   its	   homologues	   [161].	  	  
Extraction	  of	  the	  dye	  molecules	  afforded	  adsorbents	  exhibiting	  selectivity	  (based	  on	  
the	  limited	  data	  given	  in	  the	  publication)	  for	  their	  self-­‐same	  template	  dye	  over	  the	  
other	  dye	  molecules.	  	  This	  finding	  was	  contemporaneous	  with	  a	  debate	  pertaining	  to	  
the	  origin	  of	  antibody	  selectivity	   in	  the	   immune	  system,	   in	  which	  Pauling	  proposed	  
that	  antibody	  formation	  occurs	   in	  the	  presence	  of	  an	  antigen,	  and	  that	  the	  antigen	  
serves	   as	   a	   conformation-­‐inducing	   template	   [162].	   	   Thus	   it	   was	   suggested	   that	   a	  
similar	   mechanism	   may	   be	   responsible	   for	   the	   selectivity	   induced	   within	   the	  
inorganic	  matrices	  [161].	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Over	   the	   next	   few	   decades,	   a	   handful	   of	   investigators	   explored	   the	   molecular	  
imprinting	   concept,	   most	   using	   silica	   matrices:	   the	   reader	   is	   referred	   to	   a	   recent	  
review	  for	  a	  more	  comprehensive	  historical	  overview	  [8].	  	  However,	  it	  was	  not	  until	  
the	  1970s	  that	  MIPs	  based	  upon	  organic	  polymer	  networks	  were	  reported.	  	  Klotz	  et	  
al.	   employed	   ring-­‐opening	   polymerisation	   coupled	   with	   reversible	   disulfide	  
cross-­‐linking	   (imprinting	   step	   takes	  place	  at	   the	  disulfide	   cross-­‐linking	   stage)	   [163],	  
whilst	  Wulff	  et	  al.	   independently	  exploited	   the	  versatility	  of	   radical	  vinyl	  chemistry	  
[164].	   	   In	   this	   latter	   study,	   which	   instigated	   a	   now	   rapidly	   growing	   interest	   in	  
molecular	  imprinting,	  a	  vinylphenylboronic	  ester	  of	  the	  target	  molecule	  (a	  derivative	  
of	   D-­‐glyceric	   acid)	  was	   co-­‐polymerised	  with	   divinylbenzene.	   	   Splitting	   off	   of	   the	   D-­‐
glyceric	  acid	  afforded	  free	  boronic	  acid	  groups	  within	  the	  imprinted	  cavity,	  and	  these	  
were	  shown	  to	  be	  capable	  of	  rebinding	  the	  target	  molecule	  via	  the	  same	  'reversible'	  
covalent	  bond	  formation.	  	  	  
Figure	   1-­‐10	   Pictorial	   representation	   of	   molecular	   imprinting,	   showing:	   i)	   formation	   of	   pre-­‐polymerisation	  
complex;	   ii)	   polymerisation;	   iii)	   removal	   of	   template	  molecule	   to	   generate	  molecularly	   imprinted	   recognition	  
site.	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Whilst	   certainly	   an	   elegant	   means	   of	   pre-­‐
organising	  content	  and	  spatial	  distribution	  of	  
a	   recognition	   site,	   the	   covalent	   imprinting	  
strategy	   is	   nonetheless	   limited	   to	   templates	  
amenable	   to	   labile	   bond	   formation,	   i.e.	  
templates	   bearing	   at	   least	   one	   of	   the	  
following	  functional	  groups:	  1,2-­‐	  and	  1,3-­‐diol	  
(boronate	   ester	   and	   ketal/acetal),	   aldehyde	  
(acetal	   and	   Schiff’s	   base),	   ketone	   (ketal)	   and	  
amine	   (Schiff’s	   base)	   [165].	   	   Mosbach	   et	   al.	  
therefore	   completely	   revolutionised	  
molecular	  imprinting	  with	  the	  introduction	  of	  
an	   exclusively	   	   non-­‐covalent	   imprinting	  
methodology,	   in	   1982	   [166].	   	   With	   this	  
strikingly	   simple	   approach	   (at	   least	  
conceptually	   so),	   interactions	   between	   the	  
template	   and	   functional	   monomers	   during	  
polymerisation	   are	   the	   same	   as	   those	  
between	   substrate	   and	   polymer	   in	   the	  
rebinding	  step,	  and	  are	  based	  on	  noncovalent	  
interactions.	  	  Therefore	  a	  combination	  of	  one	  
or	  more	   of	   the	   following	  may	   be	   employed:	  
H-­‐bonding,	   ion-­‐pairing,	   dipole-­‐dipole	  
interactions,	   metal	   ion	   coordination	  
interactions,	   hydrophobic	   interactions.	   	   To	  
date,	   most	   reports	   of	   molecular	   imprinting	  
relate	   to	   the	  non-­‐covalent	  methodology;	   this	  
is	   in	   a	   large	   part	   due	   to	   the	   commercial	  
availability	  of	  a	  range	  of	  functional	  monomers	  
(e.g.	   methacrylic	   acid,	   acrylic	   acid,	   4-­‐
vinylbenzoic	  acid,	  4-­‐vinylpyridine),	  in	  addition	  
Scheme	   1-­‐5	   "Sacrificial	   spacer"	   approach	   to	   molecular	  
imprinting:	   i)	   Template	   (polymerisable	   cholesterol-­‐
derivative),	  EGDMA,	  AIBN,	  toluene,	  hexane,	  65˚C,	  24	  h;	  ii)	  
1	  M	   NaOH/MeOH	   (removal	   of	   cholesterol	   and	   loss	   of	  
CO2);	   iii)	   reversible	   binding	   of	   target	   molecule	  
(cholesterol)	  via	  H-­‐bonding.	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to,	   of	   course,	   the	   applicability	   of	   a	   substantially	   greater	   population	   of	   molecular	  
templates.	   	   However,	   the	   relatively	   low	   association	   constants	   afforded	   by	   such	  
monomers	   generally	   require	   that	   an	   excess	   of	   functional	   monomer	   be	   employed	  
during	  polymerisation,	  to	  push	  the	  position	  of	  equilibrium	  and	  ensure	  a	  high	  degree	  
of	   complexation	   within	   a	   dynamic	   framework	   of	   different	   solution	   structures	   of	  
complexes.	   	   The	   result	   is	   normally	   an	   undesirably	   heterogeneous	   binding	   site	  
population	   encompassing	   a	   broad	   spectrum	   of	   affinities	   and	   selectivities	   (termed	  
"polyclonality",	  Figure	  1-­‐11	  top)	  [167-­‐169].	  
	  
Other	   groups	   have	   since	   designed	   MIPs	   based	   on	   a	   fusion	   of	   the	   above	   two	  
methodologies.	   	   Thus	   Sellergren	   and	   Anderson	   prepared	   a	   MIP	   for	  
p-­‐aminophenylalanine	  ethyl	  ester,	  imprinting	  with	  a	  structural	  analogue	  of	  the	  target	  
molecule	  that	  possessed	  two	  polymerisable	  groups	  attached	  via	  ester	  linkages	  [170].	  	  
Template	   removal	   via	   ester	   hydrolysis	   afforded	   two	   free	   carboxylic	   acid	   moieties	  
within	   the	   binding	   pocket,	   thus	   rebinding	   (of	   p-­‐aminophenylalanine	   ethyl	   ester)	  
occurred	  via	  non-­‐covalent	  interactions	  (H-­‐bonds	  and	  electrostatic	  interactions).	  	  This	  
strategy	  has	  been	  rather	  misleadingly	  termed	  the	  "semi-­‐covalent	  approach"	  [165].	  	  A	  
variant	   of	   this,	   introduced	   by	   Whitcombe	   and	   Vulfson,	   is	   referred	   to	   as	   the	  
"sacrificial	   spacer"	   approach	   [33].	   	   Here,	   template	   and	   functional	   monomers	   are	  
covalently	   linked	   by	   a	   scissile	   spacer	   group	   (typically	   a	   carbonyl)	   which	   is	  
subsequently	   cleaved	   -­‐	   with	   loss	   of	   CO2	   -­‐	   upon	   template	   removal,	   thus	   revealing	  
(within	   the	   cavity)	   functional	   groups	   amenable	   to	   rebinding	   via	   H-­‐bonds	   (Scheme	  
1-­‐5).	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"Stoichiometric	   non-­‐covalent	   imprinting"	   (Figure	   1-­‐11	   bottom)	   is	   another	   recently	  
conceived	   imprinting	   strategy,	   introduced	   by	   Wulff	   in	   1998,	   and	   has	   received	  
considerable	   attention	   within	   the	   field	   [171].	   	   To	   be	   thought	   of	   as	   a	   natural	  
progression	   to	   the	   original	   covalent	   imprinting	   approach,	   stoichiometric	  
Figure	   1-­‐11	   Cartoon	   illustrating	   difference	   between	   (top)	   conventional	   approach	   to	   non-­‐covalent	  
molecular	   imprinting	   (low	   affinity	   binding	   sites)	   and	   (bottom)	   stoichiometric	   non-­‐covalent	  molecular	  
imprinting	   (high	   affinity	   binding	   sites).	   	  With	   conventional	   non-­‐covalent	   imprinting,	   the	   relatively	   low	  
association	   constant	   between	   functional	   monomer	   and	   template	   molecule	   necessitates	   the	   use	   of	   a	  
stoichiometric	  excess	  of	  the	  former,	  in	  order	  to	  push	  the	  position	  of	  equilibrium	  towards	  complexation.	  	  In	  
the	   resulting	  MIP	   there	   is	   therefore	  a	  heterogeneous	   distribution	   of	   binding	   sites	  which	   can	  be	   crudely	  
classified	  as:	  A)	   high	  affinity	   sites	  resulting	   from	  the	  expected	   functional	  monomer	   -­‐	   template	  molecule	  
interaction;	  B)	  lower	  affinity	  sites	  generated	  in	  the	  absence	  of	  a	  template	  molecule;	  C)	  inaccessible	  sites.	  
With	   stoichiometric	   non-­‐covalent	   molecular	   imprinting,	   it	   is	   necessary	   to	   employ	   only	   stoichiometric	  
equivalents	  of	   functional	  monomer	  and	  template,	  owing	  to	  the	  high	  association	  constant	  between	  these	  
species.	   	   Binding	   sites	   in	   the	   resulting	   MIP	   are	   generally	   considered	   to	   be	   less	   heterogeneous/	  
"polyclonal",	  since	  there	  is	  not	  an	  excess	  of	  functional	  monomer.	  
	  
i)	  formation	  of	  pre-­‐polymerisation	  complex;	  ii)	  polymerisation;	  iii)	  removal	  of	  template	  molecule	  to	  afford	  
molecularly	  imprinted	  recognition	  site.	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non-­‐covalent	   imprinting	   uses	   carefully	   selected	   (often	   custom-­‐made)	   functional	  
monomers	   that	   bind	   with	   relatively	   high	   affinity	   (at	   least	   103	   M-­‐1	   but	   preferably	  
higher)	  to	  particular	  motifs	  on	  the	  template	  molecule	  [171].	  	  Since	  the	  vast	  majority	  
of	  functional	  monomer	  is	  associated	  with	  the	  template	  molecule,	  it	  is	  possible	  to	  use	  
an	  equimolar	  mixture	  of	  template	  and	  functional	  monomer	  during	   imprinting.	   	  The	  
theory	  is	  that	  this	  not	  only	  reduces	  non-­‐specific	  interactions	  but	  also	  affords	  binding	  
sites	   that	   are	   more	   defined,	   since	   the	   functional	   monomers	   are	   more	   precisely	  
arranged	   by	   the	   template	   molecule	   in	   a	   definite	   spacial	   orientation	   within	   the	  
imprint	  cavity.	  	  	  
	  
To	  date,	  MIPs	  have	  been	  fabricated	  using	  a	  striking	  array	  of	  templates,	  which	  range	  
from	   small	   molecules	   (<	  100	  Da)	   to	   biological	   macromolecules	   (several	   kDa),	   and	  
includes	   sugars,	   steroids,	   dyes,	   herbicides,	   pharmaceuticals	   and	   biochemicals	  
amongst	  others	  [8].	  	  Indeed,	  the	  consensus	  opinion	  is	  that	  more	  or	  less	  any	  molecule	  
is	  amenable	  to	   imprinting,	  although	   it	  has	  been	  suggested	  by	  some	  that	  very	  small	  
and/or	  scantily	  functionalised	  entities	  are	  poor	  'imprintogens'	  [172]	  (this	  statement	  
based	  on	  abstract	  only,	  as	  publication	  written	  in	  Chinese).	  	  For	  example,	  Petcu	  et	  al.	  
report	  that	  the	  limited	  functionality	  of	  propofol	  (2,6-­‐diisopropylphenol)	  impedes	  its	  
use	  as	  a	  template,	  with	  very	  little	  difference	  in	  observed	  levels	  of	  re-­‐binding	  by	  a	  MIP	  
and	  corresponding	  non-­‐imprinted,	  control	  polymer	  (NIP)	  [173].	  	  The	  authors	  suggest	  
that	   interaction	   of	   functional	   monomers	   with	   the	   single	   hydroxyl	   functionality	   is	  
insufficient	   for	   an	   imprinting	   effect;	   however,	   they	   also	   speculate	   that	   the	   bulky	  
isopropyl	  substituents	  on	  the	  template	  may	  afford	  restricted	  access	  to	  the	  hydroxyl	  
moiety,	   and	   that	   this	   is	   a	   reason	   for	   limited	   imprinting	   effect	   within	   the	   MIP.	  	  
Proteins	   (i.e.	   conformationally-­‐flexible,	   multi-­‐functionalised	   molecules)	   have	   also	  
proven	   to	   be	   somewhat	   incompatible	   with	   conventional	   imprinting	   techniques,	  
although	  recent	  reports	  indicate	  that	  this	  is	  now	  being	  overcome	  (Section	  1.15).	  
	  
With	  regard	  to	  polymer	  formats,	  both	  bulk	  (e.g.	  monoliths,	  irregular	  particles,	  beads,	  
nanoparticles)	   and	   thin-­‐film	   (e.g.	   surface-­‐coated	   material	   and	   free-­‐standing	  
membranes)	   imprinted	   polymers	   have	   been	   extensively	   investigated	   [174].	  	  
Consequently,	  MIPs	   have	   been	   developed	   for	   an	   impressive	   range	   of	   applications	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including:	  catalysis	  (where	  the	  imprint	  molecule	  serves	  as	  a	  transition	  state	  analogue	  
(TSA)	   [175,	   176]);	   chiral	   separation	   [177];	   drug	   delivery	   and	   other	   pharmaceutical	  
applications	   [178];	  use	  as	   the	   transducer	  and/or	   recognition	  element	   in	  biosensors	  
(e.g.	   fluorescence/luminescence	   read-­‐out	   [179,	   180],	   quartz	   crystal	   microbalance	  
(QCM)	  [181],	  surface-­‐plasmon	  resonance	  (SPR)	  [182],	   field	  effect	  transistors	   (FETs))	  
[183];	   as	   chromatography	   stationary	   phases	   [184];	   and	   in	   solid-­‐phase	   extraction	  
(SPE,	  Section	  1.13).	  
	  
1.13 Towards the Application of 
Molecular Imprinting to 
Phosphopeptide Enrichment 
	  
At	  first	  glance,	  therefore,	  molecular	   imprinting	  appears	  to	  present	   itself	  as	  an	  ideal	  
solution	   to	   the	   phosphopeptide	   enrichment	   problem:	   here	   is	   a	  means	   of	   creating	  
artificial	   binding	   sites	  with	   custom-­‐designed	   selectivity,	   and	   one	  may	   imagine	   that	  
the	   technique	   could	   certainly	   be	   employed	   to	   manufacture	   a	  
phosphopeptide-­‐selective	   sorbent.	   	   Colloquially,	   MIPs	   have	   been	   referred	   to	   as	  
"plastic	   antibodies",	   thereby	   emphasising	   parallels	  with	   biological	   recognition	   sites	  
(antibodies,	   enzymes)	   [185].	   	   Whilst	   there	   is	   certainly	   some	   accuracy	   in	   this	  
description,	   it	   is	   the	  distinct	   advantages	   over	   their	   biological	   cognates	   that	   render	  
MIPS	   so	   attractive.	   	   Whilst	   natural	   antibodies	   and	   enzymes	   are	   often	   difficult	   to	  
isolate	   and	   purify,	  MIPs	   can	   be	   prepared	   in	   bulk	  with	   relative	   efficiency	   and	   ease	  
[169].	   	   They	   are	   recyclable	   and	   possess	   long	   term	   stability,	   having	   been	   shown	   to	  
retain	  their	  molecular	  recognition	  performance	  over	  months	  or	  even	  years.	  	  They	  are	  
also	  able	   to	  withstand	   'extremes'	  of	  experimental	   conditions;	   for	  example,	  a	   study	  
into	   the	   stability	   of	   theophylline-­‐imprinted	  MAA-­‐EDMA	  co-­‐polymers	   demonstrated	  
that	  they	  could	  withstand	  24	  hours	  exposure	  to	  temperatures	  up	  to	  150°C	  without	  
loss	  of	  affinity	  for	  the	  template	  molecule.	   	  The	  polymers	  also	  exhibited	  remarkable	  
resistance	  to	  extremes	  of	  pH	  and	  to	  autoclave	  treatment	  [186].	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The	   successful	   use	   of	   MIPs	   for	   SPE	   applications	   -­‐	   as	   listed	   previously	   -­‐	   further	  
intimates	   their	   suitability	   for	   phosphopeptide	   enrichment.	   	   Selective	  
pre-­‐concentration	   of	   trace-­‐level	   compounds	   from	   complex	   mixtures	   (such	   as	  
anthropogenic	   contaminants	   from	   environmental	   samples)	   is	   traditionally	   carried	  
out	   using	   hydrophobised	   (alkyl)-­‐silica	   or	   graphitised	   carbon	   sorbents,	  which	   retain	  
analytes	  by	  nonspecific	  hydrophobic	  interactions	  [187].	  	  To	  minimise	  co-­‐extraction	  of	  
other	  species,	  an	  alternative	  approach	  exploits	  'immunosorbents'	  (ISs),	  prepared	  by	  
immobilising	   antibodies	   on	   a	   solid	   support	   [188].	   	   Whilst	   ISs	   display	   excellent	  
selectivity	  and	  affinity,	  they	  are	  time-­‐consuming	  and	  expensive	  to	  prepare,	  and	  the	  
act	   of	   immobilising	   natural	   antibodies	   on	   a	   support	   can	   result	   in	   poor	   antibody	  
orientation	  (obscuring	  the	  recognition	  region)	  or	  even	  complete	  denaturation.	  	  Thus	  
MIPs	  have	  been	  shown	  to	  be	  an	  attractive	  alternative	  to	  ISs,	  and	  have	  been	  used	  in	  
the	  extraction	  of	  drugs	   from	  plasma,	   serum	  and	  urine,	  and	  of	   trace	  pesticides	  and	  
other	  pollutants	  from	  water,	  plant	  extracts	  and	  food	  matrices	  [189].	  	  	  
	  
1.14 Molecular Imprinting Using Anionic 
   Templates 
	  
Anionic	   templates	   have	   seldom	   been	   considered	   throughout	   the	   history	   of	  
imprinting.	  	  Indeed,	  up	  until	  the	  last	  7	  or	  8	  years,	  there	  has	  been	  a	  surprising	  paucity	  
of	   MIPs	   that	   are	   designed	   either	   to	   recognise	   'naked'	   anions	   (such	   as	   oxyanions,	  
halides	  or	  cyanide)	  or	  to	  exploit	  the	  predominating	  anionic	  character	  of	  a	  particular	  
analyte.	   	  The	  reader	  is	  referred	  elsewhere	  for	  a	  more	  comprehensive	  discussion	  on	  
this	  matter	   [190].	   	   However,	   a	   brief	   summary	   of	   the	  most	   relevant	   publications	   is	  
presented	  here:	  
	  
Kugimiya	  et	  al.	  have	  prepared	  a	  series	  of	  MIPs	  targeted	  at	  inorganic	  phosphate	  and	  
organic	   phosphorylated	   analytes,	   using	   thiourea-­‐derived	   functional	   monomers	  
(Scheme	   1-­‐6)	   [34,	   191,	   192].	   	   The	   thiourea	   group	   is	   known	   to	   be	   a	   good	   host	   for	  
anions,	  particularly	  for	  phosphate	  anions,	  to	  which	  the	  N-­‐H	  moieties	  bind	  through	  a	  
set	   of	   coplanar	   H-­‐bonds.	   	   The	   authors'	   initial	   experiments	   indicated	   that	   1-­‐allyl-­‐2-­‐
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thiourea	   (34)	   is	   particularly	   suitable	   for	   use	   in	   aqueous	   media;	   this	   was	   in	   direct	  
contrast	  to	  a	  related	  functional	  monomer,	  N-­‐methyl-­‐N'-­‐(4-­‐vinylphenyl)-­‐thiourea	  (35),	  
which	  showed	  almost	  no	  uptake	  of	  Na2HPO4	  	  
Scheme	   1-­‐6	   Preparation	   of	   polymer	   imprinted	   with	   phenyl	   phosphate,	   using	   either	  	  
N-­‐methyl-­‐N'-­‐(4-­‐vinylphenyl)-­‐thiourea	  (34)	  or	  1-­‐allyl-­‐2-­‐thiourea	  (35)	  as	  functional	  monomer.	  
1)	  Polymerisation	  step	  (template	  (1.0	  eq),	  functional	  monomer	  (4.0	  eq),	  EGDMA	  (20.0	  eq),	  MeCN,	  AIBN),	  50˚C,	  
16	  h	   followed	   by	   80˚C,	   3	  h.	   	   2)	   Removal	   of	   template	   using	   4:1	   v/v	  MeOH:TEA	   then	  MeOH.	   	   3)	   Binding	   of	  
inorganic	  phosphate	  (aq).	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thiourea	   (34)	   is	   particularly	   suitable	   for	   use	   in	   aqueous	   media;	   this	   was	   in	   direct	  
contrast	  to	  a	  related	  functional	  monomer,	  N-­‐methyl-­‐N'-­‐(4-­‐vinylphenyl)-­‐thiourea	  (35),	  
which	  showed	  almost	  no	  uptake	  of	  Na2HPO4	  under	  the	  conditions	  studied	  [pH	  7.2].	  	  
Conversely,	  high	   levels	  of	  rebinding	  (i.e.	  of	  phenyl	  phosphonic	  acid)	  were	  observed	  
when	  MIPs	   prepared	  with	   either	   of	   the	   two	   functional	  monomers	   were	   tested	   in	  
MeCN.	  	  The	  explanation	  offered	  by	  the	  authors	  was	  the	  greater	  
hydrophilicity	   of	   34	   relative	   to	   35.	   	   In	   our	   opinion	   it	   would	   be	   very	   surprising	   to	  
observe	  such	  distinct	  recognition	  behaviour	  based	  upon	  the	  presence	  or	  absence	  of	  
a	  phenyl	  moiety	  in	  the	  functional	  monomer	  -­‐	  unless,	  perhaps,	  the	  35-­‐containing	  MIP	  
were	   too	   hydrophobic	   (owing	   to	   the	   presence	   of	   the	   styryl	  moiety)	   and	   therefore	  
poorly	  swelling,	  which	  would	  negate	  the	  polymer's	  recognition	  behaviour.	  	  
	  
Thus	   a	   polymer	   was	   imprinted	   with	   phenylphosphonic	   acid	   as	   the	   template	  
molecule,	   using	   EGDMA	   as	   the	   cross-­‐linker,	   acetonitrile	   as	   the	   porogen	   and	   four	  
equivalents	  (to	  template	  molecule)	  of	  1-­‐allyl-­‐2-­‐thiourea	  as	  the	  functional	  monomer.	  	  
Incidentally,	   Kugimiya	   et	   al.	   omit	   to	   explain	   why	   a	   phosphonic	   acid	   template	  
molecule	  was	  chosen	  for	  a	  MIP	  designed	  for	  NaH2PO4	  recognition;	  presumably	  they	  
had	   anticipated	   that	   the	   difference	   in	   geometry	   between	   these	   two	   functional	  
groups	  would	   be	   negligible.	   	  Whilst	   one	  might	   speculate	   that	   an	   organic	   template	  
was	  used	  to	  faciliate	  imprinting	  in	  non-­‐aqueous	  conditions,	  in	  our	  opinion	  it	  is	  likely	  
that	   phenyl	   phosphoric	   acid,	   rather	   than	   phenyl	   phosphonic	   acid,	   would	   have	  
afforded	  an	  imprint	  better	  tailored	  towards	  subsequent	  phosphate	  recognition.	  	  
 
To	   evaluate	   the	   ability	   of	   the	  MIP	   to	   selectively	   bind	   NaH2PO4	   in	   the	   presence	   of	  
anionic	  impurities,	  MIP	  and	  NIP	  particles	  were	  stirred	  in	  distilled	  water	  [pH	  6.8]	  with	  
an	  equimolar	  mixture	  of	  the	  following:	  NaH2PO4,	  KNO3,	  NaCl,	  Na2SO4.	  	  After	  1	  h,	  the	  
supernatant	  was	   removed	  and	  analysed	  by	   ion	  chromatography.	   	   It	  was	  calculated	  
that	  the	  MIP	  bound	  more	  phosphate	  than	  the	  NIP:	  specifically,	  the	  MIP	  bound	  72%	  
[36	  nmol]	   of	   available	   phosphate,	   whilst	   the	   NIP	   bound	   14%	   [7	  nmol]	   of	   available	  
phosphate.	  	  Furthermore,	  both	  the	  MIP	  and	  the	  NIP	  preferentially	  bound	  phosphate	  
over	  the	  other	  anions	  measured:	  for	  example,	  the	  MIP	  bound	  37%,	  20%	  and	  25%	  of	  
available	  nitrate,	  chloride	  and	  sulfate	  respectively.	  	  These	  results	  demonstrate	  both	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an	   imprinting	   effect	   and	   selectivity	   for	   the	   target	   anion.	   	   However,	   for	   our	  
application	  (phosphopeptide	  enrichment),	  we	  would	  require	  negligible	  uptake	  of	  the	  
other	  anions,	  and	  would	  be	  most	  interested	  in	  determining	  phosphoselectivity	  over	  
carboxylates,	  which	  was	  not	  done	  here.	  	  
	  
Making	  use	  of	  expertise	  in	  the	  field	  of	  supramolecular	  chemistry,	  viz.	  Hamilton	  et	  al.	  
(Figure	  1-­‐12)	  	  [20],	  the	  group	  of	  Hall	  and	  Sellergren	  have	  developed	  a	  series	  of	  novel	  
monotopic	   and	   ditopic	   functional	   monomers	   based	   upon	   a	   urea	   core	   [38,	   193]	  	  
(Figure	  1-­‐13).	  	  These	  synthetically-­‐accessible	  host	  species	  can	  usually	  be	  prepared	  in	  
a	   one-­‐step	   procedure,	   either	   from	   1-­‐isopropenyl-­‐4-­‐isopropyl-­‐2-­‐isocyanate	   and	   the	  
corresponding	   amine	   or	   by	   reaction	   of	   4-­‐vinylaniline	   with	   the	   corresponding	  
isocyanate.	  	  	  
	  
Ureas	  bind	  to	  oxyanions	  via	  donation	  of	  two	  H-­‐bonds,	  and	  it	  was	  shown	  that	  varying	  
the	   substitution	   on	   the	  monomers	   -­‐	   and	   hence	  modifying	   the	   acidity	   of	   the	   urea	  
core-­‐	   can	   result	   in	   quite	   dramatic	   changes	   in	   affinity	   for	   the	   model	   substrate,	  
Figure	   1-­‐12	   Example	   of	   a	   urea-­‐/thiourea-­‐based	   host	  
species	   proposed	   by	   Hamilton	   et	   al.	   for	   binding	   to	  
oxyanionic	  species	  (in	  this	  example	  glutaric	  acid).	  
Ka	   of	   complexation	   between	   the	   urea	   variant	   and	  
tetrabutylammonium	   (TBA)	   glutarate	   =	   6.4	   ×	   102	   M-­‐1	  
[DMSO-­‐d6].	  
Redrawn	  from	  [20].	  





























R = electron-withdrawing substituent e.g. CF3
  (37) (38) 
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tetrabutylammonium	  benzoate.	  Whilst	  most	  publications	   from	   this	   group	   relate	   to	  
the	   use	   of	   urea-­‐functionalised	  monomers	   for	   carboxylate	   recognition,	   some	  more	  
recent	  publications	  concern	  the	  recognition	  of	  phosphorylated	  species	  [22,	  194].	  	  For	  
example,	  a	  series	  of	  MIPs	  was	  prepared	  using	  dianionic	  Fmoc-­‐pTyr-­‐OMe	  as	  template,	  
two	   equivalents	   of	   urea-­‐functionalised	   monomer,	   eight	   equivalents	   of	  
methacrylamide	   (to	   provide	   additional	   H-­‐bond	   stabilisation),	   40	   equivalents	   of	  
EGDMA,	   and	   THF	   or	  DMF	   as	   porogenic	   solvent	   (Figure	   1-­‐14)	   [22].	   	   In	   one	   format,	  
MIPs	  and	  NIPs	  were	  synthesised	  as	  above	  whilst	  being	  simultaneously	  photografted	  
onto	   flow-­‐through	   poly(TRIM)	   capillary	   monolithic	   supports.	   	   Following	   template	  
removal	   (wash	  through	  with	  10	  column	  volumes	  of	  MeOH),	   they	  were	  assessed	  by	  
micro-­‐LC.	   	   With	   a	   mobile	   phase	   consisting	   of	   90:10	   -­‐	   50:50	   v/v	   MeCN	  :	  H2O	  
containing	   120	  ppm	   cationic	   ion	   pair	   reagent	   (IPR),	   the	   imprinted	   polymers	  
demonstrated	   retention	   of	   Fmoc-­‐pTyr-­‐OMe	   but	   no	   retention	   of	   either	   Fmoc-­‐pSer-­‐
OMe	  or	  the	  nonphosphorylated	  analogues	  (Fmoc-­‐GluOMe,	  Fmoc-­‐TyrOMe);	  the	  NIPs	  
showed	  no	  retention	  of	  any	  of	  the	  analytes.	  	  	  
	  
In	   another	   experiment,	  
monolithic	   MIP	   (25-­‐36	  µm	  
fraction	   of	   crushed	   monolith)	  
was	   packed	   into	   HPLC	   columns	  
and	   subjected	   to	   preliminary	  
analysis	   using	   two	   sequential	  
water-­‐poor	   mobile	   phases	  
('loading'	   mobile	   phase	   =	   95:5	  
v/v	   [MeCN	   containing	   0.1%	  
TFA	  :	  H2O	   containing	   0.1%	   TFA];	  
'elution'	   mobile	   phase	   =	   MeOH	  
containing	  0.1%	  TFA).	  	  Following	  
separate	   injections	   of	   two	  
peptides,	  MALDI-­‐TOF	  analysis	  of	  
the	  loading	  and	  elution	  fractions	  
	  Figure	  1-­‐14	  Pre-­‐polymerisation	  complex	  between	  urea-­‐derived	  host	  
monomers	  and	  Fmoc-­‐pTyr-­‐OMe	  template	  molecule.	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suggested	   that	   the	   phosphorylated	   octapeptide	   p-­‐angiotensin	   (DRVpTIHPF)	   was	  
retained,	   being	   eluted	   only	   in	   the	   'elution'	   mobile	   phase,	   whereas	   the	  
nonphosphorylated	   counterpart	   was	   passed	   straight	   through	   the	   column	   in	   the	  
'loading'	   mobile	   phase.	   	   Further	   experiments,	   this	   time	   applying	   a	   mixture	   of	  
phosphorylated	   and	   nonphosphorylated	   peptides	   to	   the	   polymers	   (rather	   than	  
sequential	  injection	  of	  individual	  analytes),	  were	  inconclusive,	  owing	  to	  limitations	  in	  
the	  resolution	  and	  sensitivity	  of	  the	  MS	  analysis.	  
	  
In	   the	   presence	   of	   Na3PO4,	   Özkütük	   et	   al.	   used	   epichlorohydrin	   to	   crosslink	  
chitosan-­‐succinate	  that	  had	  first	  been	  chelated	  with	  Fe(III)	   [195].	   	  Upon	  removal	  of	  
the	   template	   using	   an	   aqueous	   KOH	   solution,	   the	   resulting	   polymer	   re-­‐bound	  
phosphate	   ions	   at	   pH	   2.0,	   with	   selectivity	   over	   fluoride	   and	   thiocyanate.	   	   No	  
potentially	  competitive	  oxyanions	  were	  screened.	  
	  
Finally,	   Breton	  et	   al.	   screened	   a	   series	   of	   potentially	   phosphate-­‐binding	   functional	  
monomers,	   with	   the	   view	   to	   preparing	   a	   MIP	   that	   targets	   adenosine	   5'-­‐
monophosphate	   (AMP)	   [23]	   (Figure	   1-­‐15).	   	   Weak	   base	   monomers	   (40-­‐42),	  
quaternary	  ammonium-­‐functionalised	  monomers	  (43-­‐44)	  and	  allylthiourea	  (45)	  were	  
each	   incorporated	   into	  MIPs	  and	  NIPs	  alongside	  acrylamide	   (to	   target	   the	  adenine	  
and	  ribose)	  and	  EGDMA,	  with	  AMP	  as	  template	  (in	  the	  MIPs).	  	  The	  resulting	  crushed	  
Figure	   1-­‐15	  Phosphate	   selective	  monomers	   screened	  by	  Breton	  et	   al.	   [23]	   for	   imprinting	  with	  AMP:	   40)	  
4-­‐vinyl	   pyridine;	   (41)	   vinylimidazole;	   42)	   2-­‐(dimethylamino)ethylmethacrylate;	   43)	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and	  washed	  polymers	  were	  packed	   into	  SPE	  columns.	   	  During	  rebinding	  analysis	  at	  
various	   pH	   (3-­‐8),	   the	   42-­‐containing	   polymers	   exhibited	   greatest	   uptake	   of	   AMP	  
(>95%	   at	   pH	   4-­‐6).	   	   Moreover,	   at	   pH	   7,	   the	   greatest	   difference	   in	   rebinding	   was	  
observed	   between	   the	   42-­‐containing	   MIP	   and	   NIP,	   since	   the	   charge	   on	   42	   was	  
weakened	   (pKa	   =	   8.4)	   such	   that	   the	   polymers	   behaved	   less	   as	   nonspecific	   ionic	  
sorbents.	  
	  
1.15 The Compatibility of Molecular 
 Imprinting with Proteins and 
Peptides 
	  
The	   previous	   discussions	   primarily	   relate	   to	   imprinting	   with	   small	   molecule	  
templates	   (<	  100	   to	   ∼	  500	  Da).	   	   Where	   MIPs	   are	   used	   to	   target	   peptides	   and	  
proteins,	   one	   is	   faced	   with	   complications	   that	   indicate	   intrinsic	   limitations	   in	   the	  
scalability	   of	   conventional	   approaches	   to	   imprinting.	   	   The	   main	   issues	   are	  
summarised	   below	   but	   for	   further	   discussion	   the	   reader	   is	   referred	   to	   the	   recent	  
comprehensive	  monographs	  [196-­‐199].	  	  
	  
Firstly,	   the	   density	   of	   traditional	   bulk	   polymers	   results	   in	   poor	   mass	   transport,	  
hindering	   diffusion	   of	   macromolecules	   to	   and	   from	   recognition	   sites;	  
macromolecular	  templates	  may	  even	  be	  permanently	  entrapped	  within	  the	  matrix.	  	  
A	   second	   impedance	   is	   the	   conformational	   flexibility	   of	   proteins:	   thermodynamic	  
considerations	   dictate	   that	   imprinting	   with	   small,	   rigid	   molecules,	   which	   have	   a	  
limited	   number	   of	   solution	   conformations,	   yields	   better-­‐defined	   recognition	   sites	  
than	   those	   made	   using	   large	   molecules	   such	   as	   proteins;	   also,	   re-­‐binding	   of	   rigid	  
molecules	  affords	  a	  smaller	  loss	  of	  entropy	  than	  with	  large,	  'floppy'	  molecules	  [200].	  	  
This	  factor	  is	  included	  in	  Nicholls'	  thermodynamic	  model	  of	  rational	  design	  of	  MIPs,	  
where	   the	   internal	   rotation	   free	   energy	   term	   (ΔG r )	   indicates	   that	   more	   rigid	  
structures	  produce	  better-­‐defined	  binding	  sites	  [201].	   	   	  While	  the	  use	  of	  less	  dense	  
crosslinker	   networks	   may	   counter	   the	   issue	   of	   site	   accessibility	   and	   template	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entrapment,	  the	  downside	  is	  
usually	   poorly	   defined	  
recognition	  sites	   (as	  a	  direct	  
implication	   of	   providing	   less	  
crosslinker).	   	   Levi	   et	   al.	  
highlight	   a	   number	   of	  
examples	   of	   imprinting	  with	  
polymers	   within	   a	  
polyacrylamide	   matrix	  
where	  affinity	  of	  the	  MIP	  for	  
the	  target	  protein	  was	  
	  acceptable	   but	   the	  
selectivity	   poor	   [202].	   	   For	  
example,	  Ou	  et	  al.	  imprinted	  
with	   lysozyme,	   using	  
polyacrylamide	   gels	  
containing	   MAA	   and	  
2-­‐(dimethylamino)ethyl	  
methacrylate.	   	   The	   resulting	  
MIPs	   showed	   improved	  
uptake	   of	   lysozyme	   relative	  
to	   the	   NIPs	   (imprinting	  
efficiencies:	   1.83-­‐3.38 1 ).	  	  
However,	   they	   displayed	  
unacceptable	   levels	   of	   selectivity,	   binding	   a	   competitor	   protein	   (albumin)	   with	  
almost	   the	   same	   binding	   capacities	   as	   for	   lysozyme	   (albumin:	   13.3%	  w/w	   protein	  
absorbed;	   lysozyme:	   15.0%	  
w/w	   protein	   absorbed).	   	   A	  
further	  problem	  was	  that	  the	  
MIPs	   prepared	   with	   the	  
                                                
1	  imprinting	  efficiency	  =	  amount	  of	  lysozyme	  adsorbed	  by	  the	  MIP	  /	  amount	  of	  lysozyme	  adsorbed	  by	  
the	  NIP.	  
Figure	   1-­‐16	   Pictorial	   representation	   of	   the	   'epitope	   approach'	  
according	  to	  Rachkov	  and	  Minoura	  [24]:i)	  Imprinting	  with	  short	  
peptide;	   ii)	   Removal	   of	   template;	   iii)	   Binding	   of	   epitope-­‐
containing	  substrate.	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greatest	   amount	   of	   crosslinker	  
afforded	   the	   lowest	   template	  
recovery,	  presumably	  because	  a	  
more	   compact	   gel	   was	   formed	  
at	   higher	   crosslinker	  
concentrations,	   hindering	  
diffusion	  of	  the	  template	  out	  of	  
the	   polymer.	   	   Finally,	  
irreversible	   covalent	   binding	   of	  
the	   template	   to	   the	   polymer	  
backbone,	  via	  free-­‐radical	  attack	  
upon	  certain	  amino	  acid	  residues,	  
also	   led	   to	   incomplete	   recovery	  
(73-­‐92%)	  of	  the	  template.	  
	  
A	   further	   issue	   in	   imprinting	  with	   biomacromolecules	   is	   that	   the	  non-­‐physiological	  
conditions	   (of	   pH,	   temperature,	   ionic	   strength)	   typically	   employed	   during	  
polymerisation	  would	  denature	  proteins	  or	  force	  them	  into	  aggregates	  or	  unnatural	  
conformations,	  in	  this	  way	  yielding	  a	  recognition	  site	  that	  does	  not	  reflect	  the	  native	  
state	  of	  the	  protein.	  	  Similarly,	  the	  choice	  of	  polymerisation	  solvent	  is	  greatly	  limited.	  	  
Molecular	  imprinting	  has	  been	  conventionally	  carried	  out	  in	  apolar,	  organic	  solvents	  
that	   maximise	   template-­‐monomer	   binding	   interactions	   (H-­‐bonds	   and	   electrostatic	  
interactions)	  to	  ensure	  a	  well-­‐defined	  recognition	  site.	  	  In	  such	  a	  system,	  an	  aqueous	  
rebinding	  solvent	  causes	  both	  diminished	  binding	  interactions	  and	  a	  high	  degree	  of	  
non-­‐specific	  binding	  (hydrophobic	  interactions)	  [203].	  	  Moreover,	  there	  are	  currently	  
few	   suitable	   crosslinkers	   known	   to	   be	   compatible	   with	   polymerisation	   under	  
aqueous	   conditions.	   	   Accordingly,	   up	   until	   the	   mid-­‐1990s,	   water-­‐soluble	  
macromolecules	   such	   as	   proteins	   were	   considered	   to	   be	   very	   much	   unsuited	   to	  
imprinting	  technology	  [204].	  	  	  
	  
Despite	   these	  obstacles,	  protein-­‐targeted	  MIPs	  are	  currently	   receiving	  a	   flourish	  of	  
interest	  within	  the	  imprinting	  community,	  and	  some	  rather	  ingenious	  adaptations	  of	  
Figure	   1-­‐17	   Schematic	  diagram	  showing	   relative	   sizes	  of	  
MIP	   pores,	   binding	   sites	   and	   typical	   proteins	   {numerical	  
values	  taken	  from	  reference	  24.	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the	   conventional	  methodologies	   have	   been	   reported.	   	   Of	   particular	   influence	   is	   a	  
seminal	  publication	  by	  Rachkov	  and	  Minoura,	  proposing	  a	  novel	  strategy	  for	  protein-­‐
targeted	   MIPs	   [24,	   204].	   	   Termed	   'the	   epitope	   approach',	   this	   tactic	   involves	  
imprinting	   a	   macroporous	   polymer	   with	   a	   short	   peptide	   that	   represents	   a	   small,	  
exposed	  fragment	  of	  the	  protein	  under	  consideration.	  	  This	  approach	  directly	  mimics	  
nature,	  wherein	  antibodies,	  when	  recognising	  an	  antigen,	  bind	  with	  only	  a	  small	  part	  
of	   it	   (the	   epitope).	   	   The	   epitope	   approach	   was	   applied	   to	   oxytocin,	   a	  
neurohypophyseal	   hormone.	   	   This	   nonapeptide	   (Cys-­‐Tyr-­‐Ile-­‐Gln-­‐Asn-­‐Cys-­‐Pro-­‐Leu-­‐
Gly-­‐NH2)	   is	   composed	  of	   a	  hexameric	  amino	  acid	   cyclic	  portion	  and,	  by	  virtue	  of	   a	  
disulfide	   bond	   between	   the	   cysteine	   residues,	   a	   3-­‐amino	   acid	   tail-­‐like	   C-­‐terminus.	  	  
Epitopes	   in	   nature	   typically	   consist	   of	   three	   to	   six	   amino	   acid	   residues,	   and	   the	  
authors	   therefore	   chose	   to	   imprint	   a	   macroporous	   polymer	   with	   a	   peptide	  
composed	  of	  the	  tripeptide	  that	  constitutes	  the	  'tail'	  of	  oxytocin	  (Figure	  1-­‐16).	  	  They	  
observed	   that,	  although	   the	  polymer	  was	   imprinted	  with	  only	  part	  of	   the	  oxytocin	  
molecule,	   oxytocin	   itself	   was	   able	   to	   bind	   to	   the	   MIP.	   	   Furthermore,	   the	   MIP	  
displayed	   specificity	   for	   the	   tripeptide	   and	  oxytocin	   over	   other	   structurally-­‐related	  
analogues.	  
	  
The	   epitope	   approach	   addresses	   issues	   of	   a	   thermodynamic	   nature	   (i.e.	  
conformational	  flexibility	  of	  proteins).	  	  With	  regard	  to	  steric	  hindrance,	  Rachkov	  and	  
Minoura	  have	  argued	  that	  the	  microcavities	  attributable	  to	  small-­‐molecule	  imprints	  
such	   as	   those	   generated	   by	   the	   proposed	   'epitopes'	   (typically	   0.5	  –	  1.5	  nm	   in	  
diameter)	   are	   situated	   on	   the	   surfaces	   of	   much	   larger	   pores	   (>	  50	  nm	   diameter)	  
which	   result	   from	   the	   porogenic	   solvent	   [24].	   	   These	   latter	   pores	   are	   larger	   than	  
even	   the	   diameters	   of	   typical	   globular	   proteins,	   such	   as	   haemoglobin,	   whose	  
diameters	  do	  not	  usually	  exceed	  5	  –	  10	  nm	  (Figure	  1-­‐17).	  	  This	  therefore	  implies	  that	  
a	   typical	  macroporous	  matrix	   contains	   ample	   space	   for	   a	   large	  molecule	   to	  move	  
about	  and	  dock.	  
	  
1.16  Functional Group Imprinted  
        Polymers  
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To	  date,	  most	  MIPs	  have	  been	  designed	   to	  be	   specific	   for	  one	  particular	  molecule	  
and	   the	  aim	  has	   therefore	  been	   to	  optimise	   imprinting	   technology	  so	  as	   to	   render	  
binding	  sites	  as	  uniform	  and	  'monoclonal'	  as	  possible.	   	  A	  handful	  of	  reports	  pertain	  
to	   MIPs	   that	   do	   benefit	   from	   a	   degree	   of	   cross-­‐selectivity.	   	   For	   example,	   a	   MIP	  
prepared	  by	  Hall	  et	   al.	   recognises	   compounds	  bearing	   the	   anionic	   structural	  motif	  
particular	  to	  β-­‐lactam	  antibiotics	  [205].	  	  However,	  a	  phosphoselective	  MIP	  would	  be	  
completely	   unlike	   all	   other	   MIPs	   reported	   in	   the	   literature,	   in	   that	   it	   would	   be	  
required	   to	   selectively	   recognise	   molecules	   due	   to	   the presence	   of	   a	   particular	  
functional	   group	   -­‐	   the	   phosphate	   monoester	   -­‐	   irrespective	   of	   the	   type,	   class,	  
substructure	   or	   size	   of	   the	   molecule.	   	   For	   example,	   with	   regard	   to	   the	  
phosphoproteomics	   application,	   phosphoseryl,	   phosphothreonyl	   and	  
phosphotyrosinyl	  residues	  ought	  to	  be	  bound	  with	  equal	  affinity,	  and	  with	  selectivity	  
over	   nonphosphorylated	   species.	   	   We	   shall	   hereafter	   refer	   to	   such	   an	   imprinted	  
polymer	  as	  a	  'Functional	  Group	  Imprinted	  Polymer'	  (FIP,	  Figure	  1-­‐18)	  [190,	  206].	  
 
We	  do	  not	  anticipate	  that	  such	  a	  simultaneously	  promiscuous	  and	  selective	  receptor	  
be	   straightforward	   to	   prepare.	   	   Indeed,	   in	   reviewing	   the	   design	   of	   synthetic	  
receptors	   for	   anion	   sensing,	   Schmidtchen	   opined	   that	   "...the	   basic	   interaction	  
pattern	   of	   the	   phosphoryl	   anionic	   group	  with	   a	   corresponding	   host	  might	   be	   very	  
similar	   for	   inorganic	   orthophosphate	   or	   nucleotides,	   phosphatidic	   acids	   and	   even	  
phosphorylated	  proteins...	  but	  it	  is	  evident	  that	  we	  are	  unlikely	  to	  succeed	  in	  creating	  
an	   abiotic	   receptor	   capable	   of	   selectively	   recognising	   the	   phosphoryl	   anion	   in	   all	  
these	  different	  species"	  [207].	  
	  
One	   key	   question	   is	   what	   to	   use	   as	   a	   template	   molecule	   for	   such	   a	   deliberately	  
promiscuous	   imprinted	   polymer.	   	   The	   major	   rationale	   for	   proposing	   molecular	  
imprinting	  for	  the	  phospho-­‐enrichment	  application	   is	   the	   inherent	  pre-­‐organisation	  
of	   imprinted	   receptor	   sites:	   in	   theory,	   such	   precise	   spatial	   and	   geometric	  
arrangement	  of	  carefully-­‐chosen	  binding	  functionalities	  lends	  itself	  (conceptually,	  at	  
least)	   to	  discrimination	  between	  even	  near-­‐isosteric	   functional	  groups;	  such	  as,	   for	  
example,	   discrimination	   between	   phosphorylated	   and	   carboxylated	   residues.	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Nevertheless,	   the	   phosphopeptide	   enrichment	   application	   demands	   a	   controlled	  
degree	   of	   substrate	   promiscuity:	   the	   phosphoselective	   FIP	   should	   necessarily	  
recognise	   species	   other	   than	   the	   template	   molecule	   (i.e.	   anything	   bearing	   a	  
phosphate	  group).	  
	  
One	  might	   theorise	   that	   such	   a	   FIP	   could	   be	   prepared	   using	   an	   adaptation	   of	   the	  
'epitope	  approach'	  to	  imprinting,	  where	  the	  phosphate	  functional	  group	  would	  serve	  
as	  the	  epitope	  (Scheme	  1-­‐7).	   	  Needless	  to	  say,	  it	  would	  be	  impracticable	  to	  imprint	  
using	   a	   mere	   functional	   group	   as	   template:	   the	   nearest	   equivalent	   would	   be	  
phosphoric	  acid,	  but	  this	  is	  likely	  to	  pre-­‐organise	  the	  functional	  monomers	  in	  a	  subtly	  
different	   orientation	   to	   that	   which	   would	   be	   optimal	   for	   binding	   a	   phosphate	  
monoester.	  	  A	  suitable	  template	  might	  therefore	  contain	  the	  phosphate	  monoester	  
functional	  group	  (as	  the	  epitope-­‐mimic)	  whilst	  the	  remainder	  of	  the	  molecule	  should	  
be	   'functionally	   neutral',	   designed	   to	   interact	   only	   minimally	   with	   the	   binding	  
functionalities	   and	   instead	   to	   serve	   as	   a	   mere	   'handle'	   for	   the	   epitope-­‐mimic.	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Equally,	   the	   monomer(s)	   used	   should	   be	   carefully	   chosen	   so	   that	   they	   interact	  
primarily	  with	  the	  phosphate	  monoester	  moiety	  and	  minimally	  with	  the	  rest	  of	  the	  
template.	  
	  
o	   summarise,	   the	   main	   objective	   of	   this	   project	   is	   to	   produce	   a	   synthetic	  
receptor	   that	   will	   bind	   anything	   bearing	   a	   phosphate	   functional	   group,	   with	  
selectivity	  over	  other	  potentially-­‐competitive	  functional	  groups	  (Figure	  1-­‐18).	  	  To	  this	  
end,	   it	  was	   decided	   to	   harness	   an	   adaptation	   of	  molecular	   imprinting	   technology.	  	  
Whilst	  the	  primary	  objective	  of	  the	  end	  product	  is	  phosphopeptide	  enrichment,	  as	  a	  
superior	   alternative	   to	   existing	   technologies,	   it	   is	   anticipated	   that	   such	   a	  
T 
Scheme	   1-­‐7	   Pictorial	   representation	   of	   the	   basic	   concepts	   behind	   preparation	   of	   a	   phosphoselective	  
functional	  group	  imprinted	  polymer	  (FIP).	  
i)	  formation	  of	  pre-­‐polymerisation	  complex;	  ii)	  polymerisation;	  iii)	  removal	  of	  template	  molecule	  to	  afford	  
molecularly	  imprinted	  recognition	  site.	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phosphospecific	   artificial	   receptor	   will	   eventually	   find	   use	   with	   phospholipidomic	  
and	  phosphometabolomic	  analysis	  as	  well.	   	  Furthermore,	  one	  could	  easily	  envisage	  
the	   principals	   being	   extended	   to	   other	   disciplines	   such	   as	   protein	   sulfation	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Design and Synthesis of First-Generation FIP 
 
2.1  Functional Monomer: Design and  
  Synthesis 
 
2.1.1	  	   Overview	  of	  Synthetic	  Phosphate-­‐Binding	  	   	  
	   	   Receptors	  
 
he	   literature	   reports	   a	   variety	   of	   artificial	   host	   compounds	   designed	   for	  
selective	  binding	   to	  phosphates,	  and	   this	  work	  has	  been	  extensively	   reviewed	  
[2,	   149,	   209-­‐211].	   	   Synthetic	   phosphate-­‐binding	   receptors	   can	   be	   categorised	   into	  
three	   main	   subtypes:	   polyammonium	   macrocycles	   [212,	   213]	   (Figure	   2-­‐1);	  
amidinium-­‐	  and	  guanidinium-­‐based	  receptors	  [148,	  214]	  (Figure	  2-­‐2)	  and	  urea-­‐	  and	  
thiourea-­‐based	  receptors	  [20,	  215-­‐217]	  (Figure	  2-­‐3).	  	  
 
2.1.1.1	  	   Polyammonium	  Macrocycles	  
 
Polyammonium	   macrocycles	   (for	   example,	   Figure	   2-­‐1)	   were	  
developed	  as	  phosphate-­‐receptors	  following	  the	  observation	  that	  
naturally	  occurring	  polyamines	  such	  as	  spermidine	  and	  spermine	  
bind	   phosphates	   in	   aqueous	   solution.	   	   For	   example,	   binding	  
constants	   for	   the	  adduct	  of	  spermine	  with	  ATP	   in	  aqueous	   ionic	  
solution	  has	  been	  calculated	  to	  be	  8.93	  ×	  102	  M-­‐1	  [218,	  219].	  
	  
It	   was	   proposed	   that	   multi-­‐protonated	   macrocyclic	   polyamines	  
have	   an	   accumulation	   of	   charge	   density	   within	   the	   ring,	  
T 
Figure	  2-­‐1	  Example	  of	  
a	   polyammonium	  
macrocycle	   designed	  
for	   binding	   to	  
phosphate	   [redrawn	  
from	  [2]].	  
(46) 
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increasing	  their	  affinity	  for	  phosphate	  anions.  However,	  the	  degree	  of	  protonation	  is	  
a	   function	   of	   pH,	   and	   at	   physiological	   pH,	   where	   the	   receptor	   may	   not	   be	   fully	  
protonated,	   several	   differently	   protonated	   host	   species	   may	   co-­‐exist	   in	   multi-­‐
equilibria;	   this	   impedes	   quantitative	   analysis	   of	   the	   host-­‐guest	   system.	   	   A	   further	  
factor	  to	  consider	  here	  is	  that	  the	  ammonium	  groups	  of	  such	  macrocyclic	  hosts	  are	  
known	  to	  preferentially	  adopt	  out	  conformations.	   	  This	   is	  a	  result	  of	  charge-­‐charge	  
repulsion	  between	  ammonium	  groups	  and	  is	  in	  contrast	  to	  the	  in	  configuration	  that	  
is	  optimal	  for	  anion	  recognition	  [220].	  	  Despite	  these	  disadvantages,	  polyammonium	  
macrocycles	  are	  effective	  hosts	  for	  phosphate	  anions,	  and	  have	  been	  employed	  for	  
binding	  to	  ATP	  or	  inorganic	  phosphate	  [2].	  	  	  
	  
2.1.1.2	  	   Amidinium-­‐	  and	  Guanidinium-­‐Based	  Receptors	  
 
Amidinium-­‐	   and	   guanidinium-­‐based	   binding	  
sites	   are	   prevalent	   in	   nature	   [18,	   19],	   and	  
they	   are	   greatly	   favoured	   for	   use	   as	  
synthetic	  receptors	  [148,	  214].	  	  Their	  strong	  
interaction	   with	   oxyanions	   is	   a	   result	   of	  
electrostatic	   attraction	   and	   two	   parallel	  
donor	   hydrogen	   bonds	   [2]:	   X-­‐ray	  
crystallography	   of	   simple	   guanidinium	   salts	  
and	   of	   various	   enzyme	   complexes	   with	  
oxyanion	   substrates	   have	   revealed	   the	  
binding	  motif	   depicted	   in	   Figure	   2-­‐2.	   	   Such	  
receptors	   are	   particularly	   suited	   to	   binding	   softer	   anions	   (e.g.	   phosphate	   and	  




Figure	   2-­‐2	   Binding	   interactions	   between	  
guanidinium	   functionalities	   and	   oxyanions,	  
as	   observed	   in	   X-­‐ray	   structures	   of	   the	  
corresponding	  salts	  [redrawn	  from	  [2]]	  
(47) (48) 
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2.1.1.3	  	   Urea-­‐	  and	  Thiourea-­‐Based	  Receptors	  
 
The	   pseudoamides	   urea	   and	   thiourea	   are	  widely	  
employed	  as	  synthetic	  oxyanion	  hosts,	  where	  the	  
spatial	  distance	  and	  geometry	  of	  the	  two	  parallel	  
NH	  moieties	  (H-­‐bond	  donors)	  exactly	  complement	  
oxyanion	   guests	   (Figure	   2-­‐3)	   [20,	   215-­‐217,	   221,	  
222].	  
	  
Kelly	   et	   al.	   studied	   the	   interaction	   of	   various	  
isosteric	   anions	   with	   N-­‐n-­‐butyl-­‐N'-­‐p-­‐tolylurea	  	  
[223].	  	  Using	  1H	  NMR	  titration	  data	  (CDCl3,	  DMSO-­‐
d6),	   they	   found	   the	   relative	   binding	   affinities	   to	  
correlate	  with	  both	  BrØnsted	  basicity	  and	  the	  net	  
charge	  of	  the	  guest	  anions,	  as	  follows:	  ArOPO32-­‐	  ≥	  
ArPO32-­‐	   >	   ArCO2-­‐	   ≥	   ArP(OH)O2-­‐	   >	   ArOP(OH)O2-­‐	   >	  
ArSO3-­‐	   >	   δ-­‐lactone	   >	   ArNO2.	   	   Elsewhere,	   it	   has	  
been	  reported	  that	  thiourea	  moieties	  form	  stronger	  hydrogen	  bonds	  than	  do	  ureas,	  
oweing	  to	  increased	  acidity	  of	  the	  amidic	  protons	  [224,	  225].	   	  Moreover,	  Yeo	  et	  al.	  
showed	  that	  a	  single	   isothiouronium	  moiety	  binds	  to	  oxyanions	  (in	  DMSO-­‐d62)	  with	  
greater	  affinity	  than	  do	  thiourea-­‐containing	  receptors	  [4].	  	  The	  rationale	  here	  is	  that	  




                                                
2	  Comparative	  data	  were	  unavailable	  for	  aqueoeus	  media	  
Figure	   2-­‐3	   Proposed	   binding	  
geometry	   between	   urea-­‐	   (or	  
thiourea-­‐)	   based	   hosts	   and	   a	  
carboxylate	   (left)	   and	   a	   phosphate	  
(right).	   	   Urea	   and	   thiourea	   bind	  
oxyanions	   via	   two	   parallel	   hydrogen	  
bonds	  donor	  groups,	  thereby	  forming	  
a	  six-­‐membered	  chelate	  ring.	  
(49) (50) 
Chapter	  2:	  Design	  and	  Synthesis	  of	  1st-­‐Generation	  FIP	  
Sally	  L.	  Ewen-­‐Al-­‐Kashi	  	  	  	  	  	  	  PhD	  Thesis	  
	  
77	  
2.1.2	  	   Design	  of	  Functional	  Monomer	  for	  	   	   	  
	   	   Phosphoselective	  FIP	  
 
Following	   the	   above	   discussion,	   we	   designed	   an	   isothiouronium-­‐functionalised	  
monomer	   for	  our	   initial	   FIP	   (Figure	   2-­‐4).	   	   The	  electron-­‐withdrawing	  aryl	   side-­‐chain	  
was	   included	   to	   increase	   acidity	   of	   the	   adjacent	   NH;	  
however,	  we	  decided	  against	  incorporating	  an	  aryl	  on	  each	  
side,	  in	  case	  the	  steric	  bulk	  hindered	  optimal	  orientation	  of	  
the	   isothiouronium	   centre	   (Roussel	   et	   al.	   have	   since	  
reported	   that	   diarylthiourea	   species	   prefer	   an	   E,	  Z	  
conformation	   rather	  
than	   the	   Z,	  Z	  
conformation	   that	  




We	  did	  consider	  that	  a	  
bidentate	   (ditopic)	  
monomer	   would	   better	   promote	  
phosphoselectivity	   over	   other	   oxyanions:	   for	  
example,	   Yeo	  et	  al.	   have	  demonstrated	   that	   a	  
ditopic	   isothiouronium-­‐based	  receptor	  exhibits	  
stronger	   binding	   affinities	   (in	   DMSO-­‐d6*)	   to	  
H2PO4-­‐	  than	  to	  PhCO2-­‐	  (K	  =	  1080	  M-­‐1	  and	  590	  M-­‐
1	  respectively),	   in	  spite	  of	  the	  lower	  basicity	  of	  
H2PO4-­‐	   (pKa	   in	   water	   =	   2.16	   and	   4.76	  
respectively)	   [4].	   	   They	   explained	   that	   H2PO4-­‐	  
and	   PhCO2-­‐	   bind	   in	   very	   different	   binding	  
geometries	   (carboxylate	   is	   sp2	   hybridised	   and	  































Figure	   2-­‐5	   Binding	   geometries	  
proposed	   by	   Yeo	   et	   al.	   for	  
interaction	   between	   a	   bidentate	  
isothiouronium	  receptor	  and	  (top)	  
PhCO2
-­‐	  or	  (bottom)	  H2PO4
-­‐.	  	  
R	  =	  CH2C6H5(p-­‐NO2);	   R'	  =	  n-­‐Bu.	  





lised	   monomer	   (ITU-­‐FM)	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and	   tetrahedral),	   and	   proposed	   the	   two	   interactions	   depicted	   in	   Figure	   2-­‐5.	  	  
However,	  we	  theorised	  that,	  during	  the	  act	  of	  imprinting,	  our	  monotopic	  monomer	  
may	  actually	  pre-­‐organise	  around	  a	  phosphorylated	  template	  molecule	  in	  a	  suitable	  
2:1	   stoichiometry	   (assuming	   that	   this	   is	   sterically	   feasible).	   	   If	   this	   is	   so,	   the	  
pre-­‐organisation	  step	  would	  better	  favour	  optimal	  phosphoselective	  geometry	  than	  
in	  a	  custom-­‐designed	  ditopic	  receptor.	  
 
 
2.1.3	  	   Synthesis	  of	  Functional	  Monomer	  ITU-­‐FM	  
Our	   synthetic	   route	   to	   the	   novel	   monomer	  
(4-­‐vinylbenzyl)-­‐1-­‐methyl-­‐3-­‐phenylisothiouronium	   (ITU-­‐FM)	   is	  outlined	   in	  Scheme	   2-­‐
1.	   	  Thus	  addition	  of	  aniline	   to	  methylisocyanate,	   in	  accordance	  with	  Ambati	  et	  al.,	  
afforded	   1-­‐methyl-­‐3-­‐phenylthiourea	   (53)	   [227].	   Substitution	   of	   this	   with	  




Scheme	  2-­‐1	  Synthetic	  route	  to	  monomer	  ITU-­‐FM.	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from	   Teramae	   et	   al.	   [228],	   which	   describes	   the	   synthesis	   of	  
S-­‐(2-­‐naphthylmethyl)-­‐N,N'-­‐dimethylisothiouronium	  bromide).	  	  	  
	  
ITU-­‐FM	   was	   characterised	   by	   1H	   (Figure	   2-­‐6)	   and	   13C	   NMR	   spectroscopy,	   HR-­‐MS,	  
elemental	   analysis	   and	   IR	   spectroscopy,	   and	   various	  2D	  experiments	  were	  used	   to	  
aid	  assignment	  of	  the	  NMR	  spectra.	  	  	  
	  
Interestingly,	   the	   NMR	   spectra	   suggest	   the	   presence	   of	   a	   pair	   of	   co-­‐existing,	  
interconverting	   isomers	   of	   ITU-­‐FM	   (referred	   to	   hereafter	   as	   ITU-­‐FM	   and	   ITU-­‐FM').	  	  
Four	  possible	  structures	  of	  these	  two	  isomers	  are	  presented	  in	  Figure	  2-­‐7.	  	  	  
	  
Evidence	  for	  this	  is	  as	  follows:	  
1) 	  
2) 1)	   In	  the	  1H	  NMR	  spectrum	  of	  ITU-­‐FM	  in	  CDCl3	  (Figure	  2-­‐6),	  two	  distinct	  
signals	  are	  observed	  for	  each	  set	  of	  protons,	  suggesting	  the	  existence	  of	  two	  
structural	   isomers.	   	   Distinct	   signals	   corresponding	   to	   isomers	   were	   not	  
observed	   in	   the	   13C	   spectrum	   (i.e.	   only	   one	   13C	   resonance	   for	   each	   carbon	  
centre	   is	  observed).	   	  Furthermore,	  an	  HSQC	  experiment	   indicated	  that	  each	  
isomeric	   set	   of	   1H	   signals	   corresponded	   to	   only	   one	   signal	   in	   the	   13C	  
spectrum.	  	  	  
3) 	  
4) 2)	   The	   chemical	   shifts	  of	   signals	   corresponding	   to	   the	   vinyl	  protons	   (A,	  
A',	  B,	  B',	  C,	  C')	  overlapped	  considerably	  between	  the	  two	  isomers.	  	  However,	  
there	  was	  a	  much	  greater	  difference	  between	  the	  chemical	  shifts	  of	  the	  two	  
sets	  of	  methyl	  (F,	  F'),	  benzyl	  (E,	  E')	  and	  both	  amidic	  (G,	  G',	  H,	  H')	  protons.	  	  This	  
suggests	  that	  the	  structural	  difference	  between	  the	  two	  isomers	  occurred	  in	  
the	  isothiouronium	  portion	  of	  the	  molecule,	  in	  accordance	  with	  Figure	  2-­‐7.	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5) In	  the	  1H	  NMR	  spectum	  shown	  in	  Figure	  2-­‐6,	   the	  relative	   integration	  	  	  
Figure	   2-­‐6	   Expansions	   of	   NMR	   spectrum	   of	   ITU-­‐FM/ITU-­‐FM'	   [CDCl3,	   400	   MHz,	   298	  K].	  	  
Nomenclature	  (inset)	  includes	  proposed	  structural	  isomers	  of	  target	  compound	  -­‐	  see	  main	  text.	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3)	   In	   the	   1H	   NMR	   spectum	   shown	   in	   Figure	   2-­‐6,	   the	   relative	  
integration	   ratio	  of	   the	   two	  purported	   isomers	   is	   approximately	  4:1.	  	  
However,	  in	  1H	  NMR	  spectra	  taken	  on	  a	  different	  day	  but	  of	  the	  same	  
batch	   of	   material,	   and	   analysed	   under	   the	   same	   experimental	  
conditions,	   the	   relative	   integration	   ratio	   between	   the	   isomers	   has	  
ranged	   from	  0.65	  :	  0.35	   to	  0.40	  :	  0.10	   (out	  of	  a	   total	  of	   five	   spectra).	  	  
This	   is	   indicative	   of	   dynamic	   interconversion	   between	   the	   two	  
isomers.	  
6) 	  
7) 4)	   Further	  evidence	  in	  favour	  of	  a	  dynamic	  equilibrium	  between	  
isomers	   is	   provided	   by	   the	   NOESY	   ("nuclear	   Overhauser	   effect	  
spectroscopy")	  spectrum:	  in	  phase-­‐sensitive	  NOESY	  spectra,	  "normal"	  
NOE	   cross-­‐peaks	   (blue-­‐coloured	   in	   Figure	   2-­‐8)	   have	   the	   opposite	  
phase	  to	  the	  diagonal	  (orange-­‐coloured	  in	  Figure	  2-­‐8)	  whereas	  cross-­‐
peaks	   arising	   from	   chemical	   exchange	   have	   the	   same	   phase	   as	   the	  
diagonal	   (orange-­‐coloured	   in	   Figure	   2-­‐8)	   [229].	   	   Thus	   in	   the	   phase-­‐
sensitive	   NOESY	   spectrum	   of	   ITU-­‐FM,	   orange-­‐coloured	   peaks	   arising	  
from	  chemical	  exchange	  are	  observed	  between	  the	  following	  signals:	  
each	  set	  of	  methyl	  signals	  (HF/	  HF');	  each	  set	  of	  benzyl	  signals	  (HE/	  HE');	  
each	  set	  of	  NH	  signals.	   	  This	  therefore	  suggests	  that	  the	  two	  isomers	  
interconvert.	  
	  





















Figure	  2-­‐7	  Theoretical	  structures	  of	  four	  possible	  interconverting	  isomers	  of	  functional	  monomer	  
ITU-­‐FM/ITU-­‐FM'.	  	  The	  existing	  evidence	  suggests	  that	  structures	  A	  and	  B	  are	  present.	  	  However,	  
at	  present	  one	  cannot	  state	  which	  NMR	  signals	  correspond	  to	  which	  isomer.	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1) 5)	   In	  a	  1H	  NMR	  spectrum	  taken	  at	  an	  elevated	  temperature	  (328	  K	  rather	  
than	  298	  K,	  Figure	  2-­‐9),	  the	  two	  pairs	  of	  peaks	  corresponding	  to	  the	  methyl	  protons	  
(HF/HF')	  and	   the	  benzyl	  protons	   (HE/HE')	  were	  each	  replaced	  by	  one	  broad	  peak,	  as	  
were	  the	  peaks	  corresponding	  to	  NH	  protons	  (HG/HG'	  and	  HH/HH').	  	  The	  chemical	  shift	  
of	   each	   of	   these	   broad	   peaks	   was	   approximately	   mid-­‐way	   between	   the	   signals	  
corresponding	   to	   the	   original	   two	   isomers.	   	   Furthermore,	   the	   resonances	  
corresponding	  to	  the	  vinyl	  protons	  HA/HA',	  HB/HB',	  and	  HC/HC'	  were	  replaced	  by	  one	  
single	  resonance	  each.	  	  This	  is	  further	  evidence	  for	  interconversion	  between	  the	  two	  
isomers:	   a	   higher	   temperature	  presumably	   facilitates	   interconversion	  between	   the	  
two	  isomers	  at	  a	  rate	  faster	  than	  the	  NMR	  time	  scale.	  
Figure	  2-­‐8	  Expansion	  of	  phase-­‐sensitive	  NOESY	  spectrum	  of	   ITU-­‐FM/	  ITU-­‐FM'.	  	  Blue	  colour	  designates	  
'normal'	  NOE	  cross-­‐peaks	  whereas	  orange-­‐coloured	  cross-­‐peaks	  arise	  from	  chemical	  exchange	  or	  spin-­‐
diffusion.	  	  The	  presence	  of	  the	  orange-­‐coloured	  signals	  here	  provides	  evidence	  that	  the	  two	  isomers	  of	  
ITU-­‐FM	  co-­‐exist	  in	  a	  dynamic	  equilibrium.	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2) 6)	   Of	   the	   proposed	   structures	   of	   four	   suggested	   isomers	   depicted	   in	  
Figure	   2-­‐7,	   structure	   A	   is,	   in	   our	   opinion,	   the	   only	   isomer	   in	   the	   optimal	  
orientation	   for	   binding	   to	   a	   phosphate	   group	   via	   two	   parallel	   hydrogen	  
bonds.	   	   Structure	   D	   would	   be	   least	   stable	   due	   to	   unfavourable	   steric	  
hindrance	   between	   the	   methyl	   and	   the	   phenyl	   appendages.	   	   Comparing	  
structures	   B	   and	   C,	   the	   latter	   would	   be	   the	   next	   least	   stable	   since	   the	  
Figure	  2-­‐9	  Expansion	  of	  1H	  NMR	  spectrum	  of	  ITU-­‐FM/ITU-­‐FM'	   taken	  at	  298	  K	  (top);	  and	  at	  
328	  K	  (bottom).	  	  At	  328	  K,	  the	  two	  benzyl	  signals	  (HE/	  HE')	  and	  two	  methyl	  signals	   (HF/	  HF')	  
are	   replaced	   by	   a	   broad	   signal	   of	   intermediate	   chemical	   shift,	   suggesting	   rapid	   exchange	  
between	  two	  sets	  of	  isomers.	  	  Chemical	  shifts:	  [top]	  4.56,	  4.16	  (HE/HE'),	  3.37,	  3.14	  (HF/HF');	  
[bottom]	  4.46	  (HE/HE'),	  3.30	  (HF/HF')	  ppm.	  
[CDCl3, 400 MHz] 
HE HE' HF 
HF' 
HE/ HE' HF/ HF' 
Figure	  2-­‐10	   Illustration	  of	  the	  proximity	  of	  methyl	  and	  NH	  in	  structure	  B	  (left)	  
and	   phenyl	   and	   NH	   in	   structure	   C	   (right).	   	   A	   total	   of	   5	   bonds	   separate	   the	  
methyl	   proton	  and	   adjacent	  NH	   proton,	  whereas	  a	   total	  of	   6	  bonds	   separate	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aromatic	  ring	  would	  be	  in	  closer	  proximity	  to	  the	  adjacent	  NH	  than	  would	  be	  
the	  methyl	  to	  the	  adjacent	  NH	  in	  structure	  B	  (see	  Figure	  2-­‐10	  for	  comparative	  
illustration).	   	   Furthermore,	   NOE	   cross-­‐peaks	   are	   observed	   between	   all	   four	  
amidic	   protons	   (G,	   G',	   H,	   H'),	   whilst	   no	   NOE	   cross-­‐peaks	   are	   observed	  
between	   G/G'	   and	   any	   of	   the	   i/i'	   protons	   (spectrum	   not	   shown).	   	   This	   is	  
further	  evidence	   that	   structure	  C	   is	  not	  present	   in	   solution:	  otherwise,	  one	  
would	  expect	  the	  converse	  result	  (i.e.	  G/G'	  would	  be	  in	  close	  proximity	  to	  i/i'	  
and	   further	   from	  H/H'	  as	   in	  Figure	   2-­‐11.	   	   Similarly,	  no	  NOE	  cross-­‐peaks	  are	  
observed	  between	  protons	  F/F'	  and	   i/i',	   thus	  providing	  evidence	  against	  the	  
presence	  of	  structure	  D.	  
	   	  
	   7)	   When	   a	   phosphorylated	   molecule	   (1-­‐adamantyl	   phosphate,	  
ADPHOS-­‐TBA	  -­‐	  see	  Section	  2.2)	  is	  mixed	  in	  solution	  with	  ITU-­‐FM,	  the	  two	  sets	  
of	   resonances	   corresponding	   to	   the	  methyl	   protons	   (HF/HF')	   and	   the	   benzyl	  
protons	  (HE/HE')	  are	  each	  replaced	  by	  one	  broad	  resonance	  midway	  between	  







Figure	  2-­‐11	  Expansions	  of	  1H	  NMR	  spectrum	  of	  ITU-­‐FM	  (top)	  and	  a	  mixture	  of	  ITU-­‐FM	  and	  
ADPHOS-­‐TBA	  (0.7:0.3	  ratio)	  (bottom)	  showing	  the	  disappearance	  of	  separate	  peaks	  for	  isomers	  
ITU-­‐FM/ITU-­‐FM'	  ).	  	  Chemical	  shifts:	  [top]	  4.62,	  4.07	  (HE/HE'),	  3.43,	  3.15	  (HF/HF');	  [bottom]	  4.32	  
(HE/HE'),	  3.36	  (TBA),	  3.26	  (HF/HF')	  ppm.	  
[CDCl3,	  400	  MHz].	  
Chapter	  2:	  Design	  and	  Synthesis	  of	  1st-­‐Generation	  FIP	  
Sally	  L.	  Ewen-­‐Al-­‐Kashi	  	  	  	  	  	  	  PhD	  Thesis	  
	  
85	  
HG/HG',	   disappear	   in	   the	   presence	   of	   a	   phosphorylated	   molecule,	   as	   one	  
would	  expect	  upon	  complexation	  via	  H-­‐bonding,	  and	  the	  vinyl	  protons	  HA/HA',	  
HB/HB',	  and	  HC/HC'	  also	  each	  become	  a	  single	  sharp	  resonance.	  	  That	  the	  pairs	  
of	  resonances	  corresponding	  to	  distinct	  isomers	  are	  each	  replaced	  by	  just	  one	  
resonance	  in	  the	  presence	  of	  the	  phosphorylated	  molecule	  suggests	  that	  only	  
one	  isomer	  is	  present	  when	  ITU-­‐FM	  is	  complexed.	  	  And	  the	  observation	  that	  
the	  pairs	  of	  resonances	  corresponding	  to	  protons	  HE/HE'	  and	  HF/HF'	  are	  each	  
replaced	  by	  a	   single	   resonance	  at	  a	  different	   chemical	   shift	   to	  either	  of	   the	  
original	   resonances	   can	   simply	   be	   explained	   by	   the	   expected	   change	   in	  
chemical	  shift	  upon	  complexation	  (see	  also	  Section	  2.3.2).	  
	  
Once	   the	   functional	  monomer	   ITU-­‐FM	   had	   been	   synthesised	   and	   characterised,	   a	  
phosphorylated	  template	  molecule	  was	  then	  designed	  and	  synthesised	  (Section	  2.2).	  	  
The	  ability	  of	  ITU-­‐FM	  to	  associate	  with	  phosphorylated	  species	  in	  solution	  was	  then	  
studied	   by	   1H	   and	   31P	  NMR	   spectroscopy	   (Section	   2.3),	   after	  which	   ITU-­‐FM	   and	   a	  
phosphorylated	   template	   molecule	   were	   incorporated	   into	   an	   imprinted	   polymer	  
(Section	  2.4).	  
 
2.2  Template Molecule: Design and  
  Synthesis 
 
2.2.1	  	   Introduction	  to	  Template	  Molecule	  Design	  
 
As	   explained	   in	   Section	   1.16,	   a	   template	   molecule	   appropriate	   for	   the	   functional	  
group	  imprinting	  concept	  should	  bear	  the	  phosphate	  functional	  group	  (epitope-­‐like)	  
whilst	   the	   structure	   of	   the	   rest	   of	   the	  molecule	   remains	   'functionally	   neutral'	   (i.e.	  
contains	   no	   functional	   groups	   that	   will	   interact	   with	   the	   monomers	   used	   in	   the	  
imprinting	   process).	   	   Accordingly,	   we	   proposed	   1-­‐adamantyl	   phosphate	   (ADPHOS,	  
Figure	   2-­‐12)	   as	   a	   template	  molecule	   for	   our	   first-­‐generation	  phosphoselective	   FIP.	  	  
This	  molecule	   is	   relatively	   bulky,	  will	   not	   self-­‐associate	   (micellise)	   and	   contains	   no	  
functional	  groups	  aside	  from	  the	  phosphate	  monoester;	  furthermore,	  we	  anticipate	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that	   the	  adamantyl	  appendage	  would	  have	  
a	   slight	   inductive	   effect,	   increasing	   the	  
basicity	   and	   therefore	   the	   hydrogen	  
bonding	   strength	   of	   the	   phosphate	   group,	  
thereby	  facilitating	  the	  imprinting	  step.	  	  	  
	  
2.2.2	  	   Synthesis	  of	  Proposed	  Template	  Molecule	  ADPHOS	  
 
2.2.2.1	  	   Overview	  of	  Phosphorylation	  Strategies	  
 
The	   literature	   features	  many	   different	   phosphorylation	   strategies;	   this	   is	   largely	   a	  
result	   of	   progress	   in	   the	   field	   of	   nucleotide	   chemistry	   [230].	   	   The	   majority	   of	  
approaches	   use	   one	   of	   three	   different	   types	   of	   phosphorylation	   reagent:	  
phosphoridates/	   	  phosphorochloridates;	  phosphoridites/	   	  phosphorochloridites	  and	  
phosphoramidites	  (Figure	  2-­‐13)	  	  [231].	  	  	  
	  
The	   use	   of	   phosphoridate/	   phosphorochloridate	   reagents	   (for	   example,	   the	  
commercially-­‐available	   2,2,2-­‐trichloroethylphosphodichloridate	   or	  
Figure	   2-­‐13	   Classes	   of	   phosphorylating	   agents	   typically	   used	   in	   nucleotide	  







Figure	   2-­‐12	   Proposed	   template	  molecule	  
for	   first-­‐generation	  phosphoselective	  FIP:	  
1-­‐adamantyl	  phosphate	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2,2,2-­‐trichloroethylphosphorodiimidazolide)	   for	   phosphorylating	   hydroxyl	   groups	  
was	   widespread	   prior	   to	   the	   1980s,	   and	   these	   reagents	   are	   still	   commercially	  
available.	  	  A	  particular	  advantage	  is	  that	  phosphoridates/	  phosphorochloridates	  exist	  
in	  the	  P(V)	  oxidation	  state,	  obviating	  the	  need	  for	  a	  further	  oxidation	  step.	  	  However,	  
in	   1976	   Letsinger	   and	   Lunsford	   reported	   that	   P(III)	   reagents	   are	   far	  more	   reactive	  
than	   their	   P(V)	   counterparts,	   and	   this	   led	   to	   the	   development	   of	   phosphoridites/	  
phosphorochloridites	  as	  superior	  reagents	  [232]	  .	  
	  
Phosphoramidite	   reagents,	   which	   were	   developed	   in	   the	   1980s,	   are	   used	   in	   both	  
nucleotide	  and	  peptide	  synthesis,	  where	  they	  are	  particularly	  suited	  to	  the	  synthesis	  
of	  unsymmetrical	  phosphate	  diesters	  [231].	  	  These	  reagents,	  which	  exist	  in	  the	  P(III)	  
oxidation	  state,	  are	  relatively	  stable	  to	  hydrolysis	  and	  atmospheric	  oxidation.	  	  In	  the	  
first	   step	  of	  a	   typical	  phosphorylation	  via	   this	  method,	  PCl3	  undergoes	  nucleophilic	  
substitution	  by	  an	  equivalent	  of	  both	  3-­‐hydroxypropionitrile	  and	  diisopropylamine,	  
affording	  a	  chlorophosphoramidite;	  this	  intermediate	  can	  then	  undergo	  nucleophilic	  
attack	  by	  an	  alcohol.	   	  The	  resulting	  phosphoramidite	  monoester	   is	   relatively	  stable	  
to	  hydrolysis	  and	  atmospheric	  oxidation,	  and	  must	  be	  activated	  using	  1H-­‐triazole	  to	  
enable	  substitution	  by	  a	  second	  alcohol.	  	  The	  diester	  is	  then	  oxidised,	  usually	  in	  the	  
presence	   of	   iodine,	   and	   subsequent	   removal	   of	   the	   cyanoethyl	   protecting	   group	  
affords	  the	  corresponding	  phosphate	  [231].	  
	  
Finally,	  one	  should	  also	  consider	   'classic'	  phosphorylation	  reagents	  such	  as	  PCl5	  and	  
POCl3.	   	   These	   reagents	   are	   generally	   harsher	   than	   those	   used	   in	   nucleotide	   and	  
peptide	   chemistry,	   but	   are	   nonetheless	   viable	   options	   when	   faced	   with	   an	  
uncomplicated	  substrate.	  
 
2.2.2.2	  	   Attempted	  Phosphorylation	  of	  1-­‐Adamantanol	  	  
	   	   (55)	  using	  o-­‐Phenylene	  Phosphorochloridate	  
 
The	  literature	  contains	  one	  reported	  synthesis	  of	  ADPHOS,	  by	  Böhringer	  et	  al.	  [233].	  	  
This	  approach	  uses	  o-­‐phenylene	  phosphorochloridate	  (54)	   in	  a	  three-­‐step	  synthesis	  
to	  convert	  1-­‐adamantanol	  (55)	  to	  the	  corresponding	  phosphate	  monoester.	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The	  use	  of	  54	  to	  phosphorylate	  alcohols	  was	  first	  suggested	  by	  Reich	  [234],	  and	  the	  
mechanism	  of	  reaction	  has	  since	  been	  under	  some	  dispute	  [235].	  	  	  It	  is	  now	  generally	  
accepted	  that	  reaction	  proceeds	  in	  accordance	  with	  Scheme	  2-­‐2	  [236].	  	  	  
Thus	   the	   procedure	   of	   Böhringer	   et	   al.	   describes	   the	   reaction	   of	   54	   with	   55	   in	  
anhydrous	   THF	   and	   Hünig's	   base	   at	   40˚C.	   	   The	   insoluble	  
N,N-­‐diisopropylethylammonium	   chloride	   is	   subsequently	   removed,	   and	   the	  
phosphotriester	   cleaved	   using	   an	   aqueous	   solution	   of	   Hünig's	   base,	   yielding	  
o-­‐hydroxyphenyl	   1-­‐adamantyl	   phosphate	   monoester;	   this	   is	   reported	   as	   being	   a	  
crystalline	   solid.	   	   The	  monoester	   is	   then	  dissolved	   in	   a	   solution	  of	  barium	  acetate,	  
and	   reacted	  with	   a	   2%	   solution	   of	   bromine	  water	   at	   room	   temperature	   to	   afford	  
ADPHOS	  as	  the	  barium	  salt.	  	  	  
	  
Scheme	   2-­‐2	   Accepted	   mechanism	   of	   phosphorylation	   using	   o-­‐phenylene	   phosphorochloridate	   (54):	  
Substitution	   by	   an	   alcohol	   in	   the	   presence	   of	   base	   affords	   the	   phosphotriester	   intermediate,	   which	  
typically	   is	   not	   isolated	   but	   undergoes	   in	   situ	   base-­‐catalysed	   hydrolysis	   to	   the	   corresponding	  
o-­‐hydroxyphenyl	  phosphate	  diester	  (usually	  a	  stable	  crystalline	  solid).	  	  This	  product	  can	  be	  cleaved	  under	  
oxidative	  conditions	   (bromine	  water,	  periodate	  or	  Pb(IV)(OAc)4)	   to	  afford	  the	  phosphate	  monoester	  and	  
o-­‐benzoquinone.	  	  	  
	  
(54) 
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On	   following	   this	   protocol,	   we	   were	   unable	   to	   reproduce	   the	   results	   reported	   by	  
Böhringer	  et	  al.	  	  The	  initial	  reaction	  of	  54	  with	  55	  in	  the	  presence	  of	  Hünig's	  base	  was	  
monitored	  by	  TLC	  (silica,	  1:1	  v/v	  EtOAc	  :	  hexanes),	  which	  showed	  the	  disappearance	  
of	  54	  (Rf	  0.53)	  and	  appearance	  of	  a	  UV-­‐active	  product	  (Rf	  0.71).	  	  The	  reaction	  mixture	  
was	   subjected	   to	   a	  brief	  work-­‐up	   (filtration	  and	  wash	  with	  THF),	   and	   the	   resulting	  
yellow	  oil	  characterised.	   	   IR	  spectroscopy	  showed	  the	  absence	  of	  the	  characteristic	  
55	  C-­‐OH	  band	  at	  3378-­‐3300	  cm-­‐1	  and	  HR-­‐MS	  (CI,	  NH4+)	  indicated	  the	  presence	  of	  m/z	  
324.14	   (calculated	   (C16H20O5P.H+)	   324.32),	   which	   correlates	   to	   the	   expected	  
o-­‐hydroxyphenyl	   phosphate	   adamantyl	   diester.	   	   The	   oil	  was	   then	   treated	  with	   2%	  
bromine	   water,	   in	   accordance	   with	   the	   original	   protocol.	   	   Subsequent	   work-­‐up	  
afforded	  a	  dark	  brown	  oil,	  analysis	  of	  which	  corresponded	  to	  neither	   the	  expected	  
product	   nor	   any	   of	   the	   proposed	   intermediates.	   	   Specifically,	   13C	   and	   1H	   NMR	  
spectroscopy	  did	  not	  show	  any	  signals	  corresponding	  to	  an	  adamantyl	  moiety,	  and	  
MS	  did	  not	  yield	  the	  expected	  m/z.	   	  The	  reaction	  was	  therefore	  abandoned	  since	  a	  
more	  successful	  synthetic	  route	  was	  being	  developed	  in	  parallel	  (see	  Sections	  2.2.2.3	  
-­‐	  2.2.2.4).	  
 
2.2.2.3	  	   Attempted	  Phosphorylation	  of	  1-­‐Adamantanol	  	  	  
	   	   (55)	  using	  POCl3	  or	  PCl3	  	  
 
We	   also	   attempted	   to	   phosphorylate	   55	   using	   both	   POCl3	   and	   PCl3.	   	   A	   range	   of	  
reaction	  conditions	  were	  employed	  (Table	  2-­‐1),	  but	  without	  conversion*.	  	  Neat	  POCl3	  
has	  previously	  been	  reported	  to	  phosphorylate	  2-­‐adamantanol	  [237].	  	  However,	  our	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Reagent	   Co-­‐solvent	   Base	   Reaction	  Temperature	   Outcome	  of	  reaction3	  
POCl3	   -­‐	   -­‐	   reflux	   No	  reaction	  
POCl3	   DCM	   Hünig's	  base	   reflux	   No	  reaction	  
POCl3	   THF	   NaH	   reflux	   No	  reaction	  
POCl3	   THF	   Na	   reflux	   No	  reaction	  
PCl3	   DCM	   Hünig's	  base	   reflux	   No	  reaction	  
Table	  2-­‐1	  'Classic'	  phosphorylation	  conditions	  used	  in	  attempts	  to	  phosphorylate	  55	  
 
2.2.2.4.	  	   Phosphorylation	  of	  1-­‐Adamantanol	  	  (55)	  using	  a	  
	   	   P(III)	  Reagent	  
 
An	   effective	   phosphorylation	   strategy,	   routinely	   used	   by	   the	   Gaffney	   group	   [238],	  
involves	   the	   use	   of	   the	   P(III)	   phosphitylation	   reagent:	  
tris(2-­‐cyanoethyl)oxyphosphoridite	   (57).	   	   This	   can	  be	  prepared	  by	   substituting	  PCl3	  
with	  trimethylsilyloxypropionitrile	  (56)	  (Scheme	  2-­‐3).	  	  The	  latter	  reaction	  is	  followed	  
by	  31P	  NMR	  spectroscopy,	  where	  phosphorous	  resonances	  are	  assigned	  according	  to	  
the	   following:	   yδP	   [CDCl3	   reference,	  400	  MHz]	  8.49	  ppm	   [assigned	   to	  phosphorous	  
resonance	  of	  bis(2-­‐cyanoethyl)	  phosphonate],	   -­‐0.35	  ppm	  [assigned	  to	  phosphorous	  
resonance	   of	   PCl3],	   139.26	   ppm	   [assigned	   to	   phosphorous	   resonance	   of	  
tris(2-­‐cyanoethyl)oxyphosphoridite	   (57)],	   165.75	   ppm	   [assigned	   to	   phosphorous	  
resonance	  of	  bis(2-­‐cyanoethyl)phosphorochloridite]g	  [238].	  
	  
We	  found	  that	  57	  reacts	  with	  55	  in	  the	  presence	  of	  pyridinium	  bromide	  perbromide	  
(PBP)	  and	  pyridine	  to	  afford	  bis(2-­‐cyanoethyl)	  1-­‐adamantyl	  phosphate	  (59).	  	  This	  is	  a	  
colourless	   oil	   which	   was	   purified	   over	   silica	   with	   only	   minimal	   degradation.	   	   The	  
2-­‐cyanoethyl	   protecting	   groups	   were	   subsequently	   removed	   using	  
1,1,3,3-­‐tetramethylguanidine	   (TMG)	   and	   chlorotrimethylsilane	   (TMSCl),	   affording	  
1-­‐adamantyl	   phosphoric	   acid	   (ADPHOS)	   in	   74%	  yield	   and	  >99%	  purity	   (by	   1H	  NMR	  
spectroscopy)	  (Scheme	  2-­‐4).	  	  	  
	  
                                                
3	  Analysed	  by	  1H	  and	  31P	  NMR	  and	  MS,	  which	  showed	  only	  55.	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Optimisation	  of	  the	  synthesis	  of	  ADPHOS	   (including	  prior	  distillation	  of	  TMS-­‐Cl)	   led	  
to	  an	   increase	   in	  yield	   from	  7%	  to	  31%.	   	   In	  both	  cases	  the	  major	  side-­‐product	   (30-­‐
40%	  by	  31P	  NMR	  spectroscopy)	  was	   found	  to	  be	   (60)	   (evidenced	  by	  1H,	   13C	  and	  31P	  
NMR	   spectroscopy).	   	   Formation	   of	   H-­‐phosphonate	   from	   the	   corresponding	  
phosphite	   is	   thought	   to	   proceed	   via	   two	   possible	  mechanisms	   [231].	   	   In	   the	   first,	  
decomposition	   via	   a	   five-­‐membered	   transition	   state	   results	   in	   elimination	   of	   an	  
alkene	   (in	   this	   case	   the	  Michael	   acceptor:	   acrylonitrile)	   (Figure	   2-­‐14	   top).	   	   In	   the	  




HOS (57) (55) (59) (ADPHOS) 
Scheme	  2-­‐3	  Synthetic	  route	  to	  P(III)	  phosphitylation	  reagent	  (57).	  
(56) 
(57) 
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second,	  two	  molecules	  of	  water	  and	  the	  phosphite	  form	  a	  six-­‐membered	  transition	  
state	   involving	   proton	   transfer	   and	   loss	   of	   an	   alcohol	   (in	   this	   case	  
3-­‐hydroxypropionitrile)	   	   (Figure	   2-­‐14	   bottom).	   	   It	   is	   anticipated	   that	   these	   side-­‐
reactions	  would	  be	  reduced	  by	  better	  ensuring	  that	  the	  reaction	  conditions	  remain	  
anhydrous	  as	  well	  as	  through	  the	  use	  of	  a	  less	  labile	  protecting	  group.	  	  
TBA	   was	   chosen	   as	   the	   counterion	   for	   ADPHOS	   to	   render	   it	   soluble	   in	   organic	  
solvents	   typically	   used	   for	   molecular	   imprinting	   (e.g.	   CHCl3).	   	   This	   approach	   was	  
adopted	  from	  Hamilton	  et	  al.	  in	  the	  complexation	  of	  the	  bis-­‐TBA	  salt	  of	  glutaric	  acid	  
and	   a	   bis-­‐urea	   species	   [239].	   	   The	   salt	   (ADPHOS-­‐TBA)	   was	   prepared	   by	   mixing	  
ADPHOS	   with	   tetrabutylammonium	   hydroxide	   in	   a	   1:1	   stoichiometric	   ratio	   in	  
methanol/	   water	   and	   concentrating	   in	   vacuo.	   	   This	   was	   subsequently	   crystallised	  
from	   EtOAc	   and	   hexanes.	   ADPHOS-­‐TBA	   determined	   to	   be	   >99%	   pure	   1H	   NMR	  
spectroscopy,	   and	   this	   purity	   was	   confirmed	   by	   elemental	   analysis.	   	   A	   1:1	  
stoichiometric	   ratio	   (therefore	   monoionisation	   of	   the	   phosphate	   monoester)	   was	  
chosen	  to	  reflect	  the	   ionisation	  state	  of	  a	  typical	  phosphopeptide	  (phosphopeptide	  
Figure	   2-­‐14	   Two	   possible	   mechanisms	   leading	   to	   formation	   of	   H-­‐phosphonate	   (60)	   from	   the	  
corresponding	   phosphite:	   (top)	   decomposition	   via	   a	   five-­‐membered	   transition	   state	   results	   in	  
elimination	   of	   an	   alkene;	   (bottom)	   two	   molecules	   of	   water	   and	   the	   phosphite	   form	   a	   six-­‐membered	  







X9 (57) (60) 
(60) 
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pKa1	   =	   <1.7;	   pKa2	   ≈	   6	   [125,	   240])	   within	   a	   pH	   range	   compatible	   with	   mass	  
spectrometric	  protocols	   (i.e.	  pH	  3-­‐6,	  since	  acidic	  buffers	  and	  matrices	   (Section	  7.2)	  
are	  commonly	  employed	  in	  MS	  applications).	  
 
2.3   Complexation Studies Between  
  Monomer ITU-FM and a    
  Phosphorylated Molecule 
 
Following	   synthesis	   of	   ITU-­‐FM	   and	   ADPHOS-­‐TBA,	   we	   carried	   out	   a	   series	   of	  
experiments	   to	   understand	   the	   interaction	   of	   these	   two	   species	   in	   solution.	   	   Such	  
experiments	   can	   be	   used	   to	   build	   up	   a	   picture	   of	   the	   pre-­‐polymerisation	   complex	  
formed	   prior	   to	   the	   imprinting	   step,	   which	   translates	   into	   information	   about	   the	  
three-­‐dimensional	   receptor	   sites	   formed	   within	   the	   imprinted	   polymer	   and	   the	  
strength	  of	  the	  interactions	  involved	  .	  	  For	  example,	  knowledge	  of	  the	  stoichiometry	  
in	   which	   ITU-­‐FM	   and	  ADPHOS-­‐TBA	   bind	   can	   provide	   clues	   as	   to	   the	   geometry	   of	  
binding	  and	  therefore	  the	  structure	  of	  the	  rigid	  receptor	  sites,	  and	  this	  allows	  one	  to	  
calculate	   the	   exact	   monomer-­‐to-­‐template	   ratios	   to	   be	   used	   in	   synthesis	   of	   the	  
imprinted	  polymer.	  	  	  
	  
In	  this	  discussion,	  'host'	  refers	  to	  the	  functional	  monomer	  ITU-­‐FM	  and	  'guest'	  refers	  
to	  the	  phosphorylated	  species	  ADPHOS-­‐TBA.	  	  	  
	  
2.3.1	  	   Introduction	  to	  Continuous	  Variation	  Method	  
	  
The	  most	  popular	  method	  for	  determining	  complex	  stoichiometry	  is	  the	  Continuous	  
Variation	  method,	   also	  known	  as	   Job's	  method	   .	   	   	   	  With	   this	   approach,	   a	   series	  of	  
solutions	  is	  prepared,	  each	  one	  containing	  host	  and	  guest	  in	  a	  different	  molar	  ratio.	  	  
The	  sum	  of	  initial	  host	  concentration	  ([H]init)	  and	  initial	  guest	  concentration	  ([G]init)	  is	  
kept	  constant	  (α),	  and	  over	  the	  series	  [H]init	  is	  varied	  from	  0	  to	  α.	  	  Plotting	  complex	  
concentration	   ([C])	  on	  the	  y-­‐axis	  and	   [H]init/([H]init	  +	   [G]init	   ("host	  mole	   fraction")	  on	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the	   x-­‐axis	   affords	   a	   parabolic	   curve	   (in	   the	   case	   of	   simple	   equilibria).	   	   Complex	  
stoichiometry	   (a/(a+b)	  where	  a	   =	   complex	   stoichiometry	   of	   host	   and	  b	   =	   complex	  
stoichiometry	  of	  guest)	  can	  be	  obtained	   from	  the	  x-­‐coordinate	  at	   the	  maximum	  of	  
the	  curve	  (Figure	  2-­‐15).	  	  	  
In	  most	  circumstances	   it	   is	  not	  possible	   to	  directly	  measure	   [C],	  and	   it	   is	   therefore	  
necessary	  to	  use	  a	  property	  that	  is	  proportional	  to	  [C].	  	  This	  could	  be	  UV-­‐absorbance	  
or	   the	   NMR	   chemical	   shift	   of	   an	   appropriate	   nucleus	   (or	   indeed	   any	   physical	  
property	  proportional	  to	  [C]).	  	  Regarding	  the	  NMR	  spectrometric	  method,	  there	  are	  
two	  possible	  situations.	  	  Where	  the	  host-­‐guest	  complexation	  equilibrium	  has	  a	  slow	  
exchange	   rate	   compared	   to	   the	  NMR	   time	   scale,	   separate	   peaks	   are	   observed	   for	  
both	   complexed	   and	   uncomplexed	   species.	   	   However,	   where	   the	   host-­‐guest	  
complexation	  equilibrium	  has	  a	  much	  faster	  exchange	  rate	  than	  the	  NMR	  time	  scale,	  
a	   single	   peak	   is	   observed	   (δobs);	   this	   corresponds	   to	   the	   weight	   average	   chemical	  
shift	   of	   both	   the	   complexed	   and	   uncomplexed	   species,	   and	   can	   be	   shown	   to	   be	  
directly	  proportional	  to	  [C]	  [3].	  
Figure	  2-­‐15	  Example	  of	  a	  typical	  Job's	  Plot	  (in	  this	  case	  the	  complex	  is	  in	  
1:1	  host:guest	  stoichiometry).	  
[Redrawn from [3]] 
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2.3.2	  	   Determination	  of	  Complexation	  Stoichiometry	  	  
	   	   between	  Monomer	  ITU-­‐FM	  and	  Template	  ADPHOS-­‐
	   	   TBA	  
	  
To	   determine	   the	   stoichiometry	   between	   a	   complex	   composed	   of	   ITU-­‐FM	   and	  
ADPHOS-­‐TBA,	  a	  series	  of	  solutions	  was	  prepared	  in	  accordance	  with	  the	  Continuous	  
Variation	  method.	   	   Since	   CHCl3	  was	   to	   be	   the	   solvent	   in	   the	   imprinting	   step	   (the	  
rationale	  being	  that	  a	  non-­‐protic	  solvent	  would	  not	  compete	  with	  hydrogen-­‐bonding	  
between	  host	  and	  guest	  [20]:	  further	  discussed	  in	  Section	  2.4),	  the	  above	  solutions	  
were	  prepared	  in	  CDCl3.	  
Figure	  2-­‐16	  Job's	  Plots	  to	  determine	  complexation	  stoichiometry	  between	  ITU-­‐FM	  and	  ADPHOS-­‐TBA,	  
constructed	   	   from	   change	   in	   1H	   chemical	   shift	   of	   (left)	   methyl	   (HF/HF')	   and	   (right)	   benzyl	   (HE/HE')	  
protons	  of	  host	   ITU-­‐FM	   in	   the	  presence	  of	  guest	  ADPHOS-­‐TBA.	   	  The	  x-­‐axis	   is	  corrected	  to	  allow	  for	  
discrepancies	   between	   the	   intended	   host	  :	  guest	   ratio	   and	   the	   experimental	   host	  :	  guest	   ratio	   (as	  
determined	  by	  relative	  1H	  NMR	  peak	  integrations).	  
Figure	   2-­‐17	   Job's	   Plot	   to	   determine	  
complexation	   stoichiometry	   between	   ITU-­‐FM	  
and	  ADPHOS-­‐TBA,	   constructed	   	   from	   change	  
in	   31P	   chemical	   shift	  of	   guest	  ADPHOS-­‐TBA	   in	  
the	   presence	   of	   host	   ITU-­‐FM.	   	   The	   x-­‐axis	   is	  
corrected	   to	   allow	   for	   discrepancies	   between	  
the	   intended	   host	  :	  guest	   ratio	   and	   the	  
experimental	  host	  :	  guest	  ratio	  (as	  determined	  
by	  relative	  1H	  NMR	  peak	  integrations).	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The	   individual	   solutions	   were	   analysed	   by	   1H	   and	   31P	   NMR	   spectroscopy,	   and	   the	  
chemical	  shifts	  of	  appropriate	  nuclei	  (the	  methyl	  (HF/HF')	  and	  benzyl	  (HE/HE')	  protons	  
of	  the	  host	  and	  the	  phosphorous	  of	  the	  guest)	  were	  recorded.	  	  Since	  this	  particular	  
host-­‐guest	   equilibrium	  has	   a	   fast	   exchange	   rate	   compared	   to	   the	  NMR	   time	   scale,	  
observed	  chemical	  shifts	  (δobs)	  are	  assumed	  to	  be	  the	  weight	  average	  chemical	  shift	  
of	   complexed	   and	   uncomplexed	   species.	   	   Results	   are	   plotted	   in	   Figures	   2-­‐16	   and	  
2-­‐17.	  
	  
Immediately	   evident	   is	   that	   the	   resulting	   plots	   are	   atypical:	   none	   is	   a	   smooth	  
parabola	  featuring	  only	  one	  maximum.	  	  All	  three	  plots	  contain	  a	  global	  maximum	  at	  
host	  :	  guest	   ratio	   approx.	   1:1	   as	   well	   as	   a	   local	   maximum	   at	   host	  :	  ratio	   of	  
approximately	  0.66	  :	  0.33.	  
	  
It	  is	  widely	  believed	  that	  the	  method	  of	  Continuous	  Variation	  is	  applicable	  when	  only	  
one	   complex	   is	   formed	   and	   where	   no	   component	   of	   the	   mixture	   is	   involved	   in	  
concurrent	   equilibria	   [241,	   242].	   	   One	   might	   speculate	   that	   mixtures	   in	   which	  
multiple	  equilibria	  co-­‐exist	  afford	  atypical	  plots	  that	  are	  difficult	  to	  interpret;	  there	  is	  
Figure	   2-­‐18	   Proposed	   in-­‐solution	   (CDCl3)	   1:1	   (left)	   and	   2:1	   (right)	   monomer	  :	  template	   complexes,	   as	  
determined	  from	  Job's	  Plots.	  
(61) (62) 
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a	   paucity	   of	   any	   such	   examples	   in	   the	   published	   literature.	   	   Nonetheless,	   both	  
Vosburgh	  et	  al.	  and	  Oliveira	  et	  al.	  have	  shown	  that	  there	  may	  still	  be	  a	  maximum	  for	  
the	  predominant	  stoichiometric	  ratio	  if	  the	  concentration	  of	  concomitant	  complexes	  
is	   much	   smaller	   [243,	   244].	   	  We	   shall	   therefore	   consider	   the	   possibility	   that	   host	  
(ITU-­‐FM)	   and	   guest	   (ADPHOS-­‐TBA)	   interact	   in	  more	   than	  one	   stoichiometric	   ratio,	  
and	  propose	  the	  1:1	  and	  2:1	  monomer	  :	  template	  complexes	  in	  Figure	  2-­‐18.	  	  Each	  of	  
these	  binding	  geometries	  has	  previously	  been	  reported	  for	  similar	  systems	  (Section	  
2.3.1.3).	  	  	  
2.3.3	  	   Calculation	  of	  Association	  Constant	  between	  	  
	   	   Monomer	  ITU-­‐FM	  and	  a	  Phosphorylated	  Molecule	  
	  
To	   determine	   the	   association	   constant,	   K,	   between	  
functional	   monomer	   (ITU-­‐FM)	   and	   a	   phosphorylated	  
molecule 4 	  (tetrabutyl	   ammonium	   phenyl	   phosphate	  
(58),	   Figure	   2-­‐19),	   a	   classic	   NMR	   titration	   experiment	  
was	  carried	  out	   [3,	  245].	   	  A	   series	  of	   solutions	   in	  CDCl3	  
was	  prepared	  in	  which	  the	  guest	  concentration	  was	  kept	  
constant	   and	   the	   host	   concentration	   varied.	   	   The	  
chemical	   shifts	   of	   appropriate	   nuclei	   on	   the	   host	  
molecule	  (methyl	  protons	  (HF/HF')	  and	  benzyl	  protons	  (HE/HE'))	  were	  then	  measured.	  	  
Using	  a	  least-­‐squares	  iterative	  procedure,	  the	  raw	  data	  were	  fitted	  to	  a	  1:1	  binding	  
isotherm,	  enabling	  calculation	  of	  K.	  	  For	  this	  calculation	  we	  used	  Microsoft	  Windows-­‐
based	   software,	  WinEQNMR,	   which	  was	   kindly	   provided	   by	   Professor	  M.	   J.	   Hynes	  
[246].	   	   To	  use	   this	  programme,	   a	   text-­‐based	   script	   is	  written	   that	  details	   raw	  data	  
(chemical	   shifts;	   concentrations	   of	   host	   and	   guest	   species)	   and	   estimations	   of	  
appropriate	  parameters	  (K;	  chemical	  shift	  of	  fully-­‐complexed	  host).	  	  This	  is	  input	  into	  
WinEQNMR	  and	  a	  number	  of	  iterations	  carried	  out	  until	  convergence	  is	  attained.	  The	  
programme	  then	  fits	  a	  curve	  to	  the	  data	  and	  calculates	  a	  value	  for	  K.	  
	  
                                                
4To	  conserve	  stocks,	  a	  commercially	  available	  phosphorylated	  molecule	  was	  used	  instead	  of	  the	  





Figure	   2-­‐19	   Phenyl	  
phosphate	   (58),	   used	   as	  
phosphorylated	   guest	  
molecule	   in	   complexation	  
experiments	  with	  ITU-­‐FM	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Interestingly,	   two	   very	   different	   values	   of	   K	   were	   obtained,	   depending	   on	   which	  
nucleus	   was	   studied.	   	   Thus	   the	   association	   constant	   calculated	   using	   the	   methyl	  
protons	  (HF/HF')	  was	  3688	  ±	  700	  M-­‐1	  whereas	  that	  using	  the	  benzyl	  protons	  (HE/HE')	  
was	   400	  ±	  20	  M-­‐1.	   	   These	   two	   nuclei	   should	   afford	   similar	   values	   of	  K,	   and	   at	   this	  
stage	   it	  would	  be	   inappropriate	  to	  suggest	  that	  either	  value	   is	  any	  more	  valid	  than	  
the	  other.	  	  	  
	  
One	  possible	  reason	  for	  the	  differing	  results	  is	  that	  fewer	  data	  points	  were	  obtained	  
using	   the	   methyl	   protons	   than	   using	   the	   benzyl	   protons	   (11	   and	   25	   data	   points	  
respectively),	  since	  the	  signal	  corresponding	  to	  the	  methyl	  protons	  overlapped	  with	  
an	  adjacent	   signal	  at	  certain	  host	  :	  guest	   ratios.	   	  To	  establish	  whether	   this	  was	   the	  
case,	  WinEQNMR	  was	  also	  used	  to	  calculate	  a	  value	  for	  K	  using	  only	  the	  11	  benzyl	  
chemical	   shift	   data	   points	   that	   were	   from	   the	   same	   host	  :	  guest	   ratios	   as	   the	   11	  
methyl	  data	  points.	   	   The	   result	  was	  K	   =	  514	  ±	  86	  M-­‐1.	   	   From	   this	   it	   is	   evident	   that,	  
whilst	  the	  number	  of	  data	  points	  does	  influence	  the	  calculated	  value	  of	  K,	  this	  result	  
does	  not	  compare	  with	  the	  ten-­‐fold	  difference	  observed	  in	  the	  original	  data.	  	  	  
	  
WinEQNMR	   is	   designed	   to	   be	   used	   when	   host	   and	   guest	   interact	   in	   only	   one	  
stoichiometry,	  and	  where	  no	  component	  of	  the	  mixture	  is	  involved	  in	  simultaneous	  
equilibria;	  however,	  Job's	  Plot	  analysis	  of	  our	  system	  indicates	  that	  host	  ITU-­‐FM	  and	  
a	  phosphorylated	  molecule	  may	  actually	   form	  both	  a	  1:1	  and	  a	  2:1	   complex.	   	   This	  
limitation	  may	  explain	  why	  WinEQNMR	   failed	   to	   generate	   consistent	   results.	   	  One	  
suggestion	  for	  future	  work	  would	  be	  to	   investigate	  computer	  programmes	  that	  are	  
able	  to	  take	  into	  account	  multiple	  stoichiometries.	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2.3.4	  	   Comparison	  with	  Phosphate-­‐Binding	  Performance	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Table	   2-­‐2	   List	   of	   selected	   synthetic	   receptors	   from	   the	   literature	   and	   calculated	   value	   of	   K	   for	  
association	  with	  anionic	  guest:	  aby	  UV-­‐vis;	  bby	  1H	  NMR.	  	  Anion	  counterion	  =	  TBA.	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The	  calculated	  K	  values	  of	  ITU-­‐FM	  and	  58	  were	  compared	  with	  the	  literature	  (Table	  
2-­‐2).	  The	  two	  values	  obtained	  for	  ITU-­‐FM	  are	  certainly	  within	  the	  range	  obtained	  for	  
the	  association	  of	  related	  receptors	  with	  anions	  in	  an	  organic	  solvent.	  	  	  	  	  
2.3.5	  	   Complexation	  Studies:	  Conclusions	  
	  
To	  summarise,	   Job's	  Plot	  analysis	  of	   in-­‐solution	  complexation	  between	   ITU-­‐FM	  and	  
ADPHOS-­‐TBA,	  using	  δΔ 	  of	  three	  different	  nuclei,	  afforded	  similar	  atypical	  plots.	  	  The	  
position	   of	   the	   two	   maxima	   indicated	   that	   two	   different	   host	  :	  guest	   complexes	  
co-­‐exist,	   structures	  of	  a	   (major)	  1:1	  and	  a	   (minor)	  2:1	   complex	  were	  proposed.	   	   In	  
Section	  2.1.1.3,	  	  literature	  evidence	  was	  reported	  that	  shows	  that	  a	  2:1	  host	  :	  guest	  
complex	   might	   be	   more	   effective	   than	   a	   1:1	   complex	   for	   phosphoselective	  
recognition.	   	   Following	   this,	   we	   propose	   the	   use	   of	   a	   2:1	   stoichiometric	   ratio	   of	  
functional	  monomer	  :	  template	   to	   prepare	   our	   imprinted	   polymers.	   	   This	  might	   at	  
first	  appear	   to	  be	   in	  disregard	  of	   the	   results	  of	   the	   Job's	  Plot.	   	  However,	  given	   the	  
complexity	  of	  the	  equilibria	  involved,	  we	  anticipate	  that	  the	  position	  of	  equilibrium	  
could	  be	  'pushed'	  in	  favour	  of	  formation	  of	  a	  predominant	  2:1	  complex,	  to	  yield	  the	  
proposed	  phosphoselective	  binding	  sites.	  	  	  
	  
Overall,	   these	   results	   verify	   that	   our	   chosen	   functional	   monomer	   and	   template	  
molecule	   do	   interact	   in	   a	   solvent	   that	   would	   be	   compatible	   with	   our	   choice	   of	  
imprinting	  conditions	  (see	  Section	  2.4	  for	  further	  discussion).	  
	  
2.4  First Generation FIP: Design and  
  Synthesis 
 
A	   FIP	   was	   prepared	   in	   accordance	   with	   Scheme	   2-­‐5.	   	   A	   non-­‐imprinted	   control	  
polymer	  (NIP1(ITU))	  was	  prepared	  in	  the	  same	  way	  but	  in	  the	  absence	  of	  template	  
molecule	  ADPHOS-­‐TBA,	  and	  a	  blank,	  control	  polymer	  (NFP1(EGDMA))	  was	  prepared	  
in	   the	   same	  way	  but	  without	  either	   template	  molecule	  ADPHOS-­‐TBA	   or	  monomer	  
ITU-­‐FM.	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Generally	  speaking,	  the	  initial	  role	  of	  the	  porogen	  is	  as	  an	  inert	  solvent,	  bringing	  all	  
components	  of	  the	  pre-­‐polymerisation	  mixture	  into	  one	  phase.	  	  To	  an	  extent,	  the	  
porogen	  also	  influences	  the	  strength	  of	  interaction	  between	  the	  template	  molecule	  
and	  binding	   sites.	   	   Then,	   during	  polymerisation,	   it	   creates	  micro-­‐	   and	  macropores,	  
owing	   to	   phase-­‐separation	   between	   the	   solvent	   and	   nascent	   polymer	   [249,	   250].	  	  
Therefore	   the	   choice	   and	   quantity	   of	   porogen	   influence	   both	   the	   degree	   of	  
complexation	  between	  functional	  monomer	  and	  template	  molecule	  and	  the	  physical	  
state	  (pore	  structure,	  pore	  size	  distribution,	  swellability,	  toughness	  and	  morphology)	  
of	  the	  imprinted	  polymer	  [251].	  	  Accordingly,	  we	  chose	  chloroform	  as	  the	  porogen:	  
this	   should	   promote	   the	   anticipated	   mode	   of	   complexation	   between	   monomer	  
ITU-­‐FM	   and	   template	   ADPHOS-­‐TBA	   (a	   combination	   of	   hydrogen	   bonds	   and	  
electrostatic	   interaction)	   whilst	   not	   competing	   for	   hydrogen	   bonding	   sites,	   and	  
should	   allow	   strong	   ionic	   interactions	   to	   be	   generated.	   	   Regarding	   the	   quantity	   of	  
porogen	   used,	   Wulff	   reported	   that	   the	   ratio	   of	   porogen	   to	   monomer	   should	   be	  
approx.	  1:1	  (mL	  :	  g)	   [249]	  and,	  directly	   following	  this,	   typical	  reports	  of	  MIPs	   in	  the	  
literature	  use	  this	  ratio	  [158].	  
	  
Scheme	  2-­‐5	  Synthetic	  route	  to	  first	  generation	  FIP	  (FIP1(ITU,ADPHOS)).	  	  ADPHOS-­‐TBA:	  ITU-­‐FM:EGDMA	  
1:2:30	   eq.	   AIBN	   (2	   mol%	   to	   all	   polymerisable	   bonds).	   	   NIP	   (NIP1(ITU))	   =	   FIP	   without	   template;	   CP	  
(NFP1(EGDMA))	  =	  FIP	  without	  ADPHOS-­‐TBA	  or	  ITU-­‐FM.	  
ITU-­‐FM	   ADPHOS-­‐TBA	  
FIP1(ITU,ADPHOS)	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As	  crosslinker	  we	  used	  EGDMA,	  which	  is	  readily	  soluble	  in	  chloroform.	  	  EGDMA	  has	  
been	  shown	  to	  be	  particularly	  suitable	  for	  imprinting	  in	  organic	  solvents,	  possessing	  
a	   balance	   between	   the	   desired	   degree	   of	   stiffness	   and	   flexibility	   [249],	   and	   it	   is	  
commercially	  available	  and	  relatively	  inexpensive.	  	  	  
	  
Following	  polymerisation	  and	  drying	  to	  constant	  weight,	   the	  polymers	  appeared	  as	  
shiny,	   yellow-­‐coloured	   monoliths	   (Figure	   2-­‐20),	   becoming	   opaque	   white	   powders	  
upon	  grinding	  with	  pestle	  and	  mortar.	  	  The	  particle	  size	  range	  was	  not	  measured.	  
	  
The	   ground-­‐up	   polymers	   were	   then	   subjected	   to	  
three	   sequential	   template-­‐removal	   steps:	   1)	   soxhlet	  
extraction	   using	   5%	   v/v	   AcOH	   in	   CHCl3	   (48	  h);	   2)	  
stirring	   in	   5%	   v/v	   TFA	   in	   CHCl3	   (24	  h)	   ;	   3)	   soxhlet	  
extraction	   using	   5%	   v/v	   AcOH	   in	   CHCl3	   (24	  h).	   	   Acid	  
was	   employed	   in	   the	   extractant	   to	   disprupt	   the	  
hydrogen	  bonds	  between	  template	  and	  binding	  site,	  
whilst	   an	   organic	   (rather	   than	   aqueous)	   co-­‐solvent	  
was	   used	   as	   it	   has	   been	   demonstrated	   that,	   in	  
general,	  binding	  site	  shape/	  structure	  is	  best	  retained	  
when	  MIPs	  are	  exposed	  to	  the	  same	  solvent	  that	  was	  
used	   for	   the	   polymerisation	   step	   [252].	   	   CHCl3	   and	  
acetic	   acid	   are	   known	   to	   form	   an	   azeotropic	   binary	  
system	  [253].	  
	  
Finally,	   the	   polymers	  were	  washed	   in	   CHCl3	   to	   remove	   any	   residual	   AcOH	   or	   TFA.	  	  
The	  concentrated	   residue	   from	  each	   template-­‐removal	   step	  was	   then	  analysed	  via	  
1H	  NMR	  spectroscopy	  (DMSO-­‐d6),	  using	  a	  known	  volume	  of	  IPA	  as	  internal	  standard	  
to	   quantify	   amount	   of	   template	   extracted.	   	   The	   results	   of	   each	   extraction	   are	  
tabulated	  in	  Table	  2-­‐3.	  
	  
	  
Figure	   2-­‐20	   Appearance	   of	  
FIP1(ITU,ADPHOS)	  monolith	  
following	   polymerisation.	  	  
Upon	   drying	   followed	   by	  
crushing	   it	   becomes	   a	  
free-­‐flowing	  white	  powder.	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   Extractant	   Percentage	  recovery	  tetrabutylammonium	  	  
Percentage	  recovery	  
1-­‐adamantyl	  phosphate	  	  
Step	  1	   5%	  v/v	  acetic	  acid	  in	  CHCl3	   99%	   109%	  
a	  
Step	  2	   5%	  TFA	  in	  CHCl3	   -­‐	   trace	  
b	  	  
Step	  3	   5%	  v/v	  acetic	  acid	  in	  CHCl3	   -­‐	   -­‐	  
Table	  2-­‐3	  Amount	  of	  template	  and	  counterion	  recovered	  from	  FIP1(ITU,ADPHOS).	  	  Calculated	  using	  
1H	  NMR	  peak	   integrations	   relative	   to	   known	   volume	  of	   IPA	   internal	   standard	   (δH	   IPA	   =	   singlet,	   6H,	  
4.04	  ppm;	   tetrabutylammonium	   =	   singlet,	   8H,	   3.17	  ppm;	   1-­‐adamantyl	   phosphate	   =	   multiplet,	   9H,	  
2.04-­‐2.10	  ppm).	  
a	   The	   1H	   NMR	   signal	   corresponding	   to	   adamantyl	   overlapped	   slightly	   with	   an	   adjacent	   signal	  
(presumably	  a	  small	  impurity)	  and	  this	  value	  is	  therefore	  an	  approximation.	  
b	  detectable	  by	  31P	  but	  not	  by	  1H	  NMR	  spectroscopy.	  
	  
We	   omitted	   to	   weigh	   the	   polymers	   prior	   to	   the	   wash/	   template	   removal	   steps.	  	  
However,	   following	   these	   steps,	   weights	   of	   the	   dried	   polymers	   were:	  
FIP1(ITU,ADPHOS)	   =	   1.3988	  g	   (99%);	  NIP1(ITU)	   =	   1.3881	  g	   (98%);	  NFP1(EGDMA)	   =	  
1.2423	  g	   (97%).	   	   Values	   in	   parentheses	   correspond	   to	   expected	   gravimetric	   yields,	  
assuming	  100%	  template	  removal	  in	  the	  FIP	  and	  negligible	  handling	  loss.	  	  This	  result	  
suggests	  that	  approx.	  20,	  30	  and	  42	  mg	  respectively	  of	  the	  polymers	  was	  lost	  due	  to	  
handling,	   which	   we	   deem	   to	   be	   a	   reasonable	   loss	   (we	   found	   it	   impracticable	   to	  
remove	  every	   last	  speck	  of	  polymer	  from	  the	  surface	  of	  the	  mortar).	   	  Expected	  FIP	  
binding	   site	   concentration,	   based	   upon	   expected	  mass	   of	  NIP	   and	   assuming	   100%	  
template	  removal,	  is	  calculated	  to	  be	  0.149	  µmol/	  mg.	  
	  
Finally,	  we	  characterised	   the	  polymer	  morphology	  by	  SEM.	   	  SEM	  generally	   is	  not	  a	  
routine	  method	  of	  characterising	  imprinted	  polymers;	  however,	  González	  et	  al.	  and	  
others	   have	   reported	   that	   macropores	   can	   be	   observed	   in	   imprinted	   polymers,	  
visually	   distinguishing	   them	   from	   NIPs,	   which	   are	   reported	   to	   have	   a	   smoother	  
texture	  [25,	  254].	  	  A	  plausible	  explanation	  for	  this	  observation	  is	  that	  the	  binding	  site	  
(i.e.	  template	  and	  functional	  monomer	  components)	  of	  the	  nascent	  polymer	  is	  more	  
organo-­‐soluble	   than	   the	   other	   components,	   therefore	   phase	   separation	   (which	  
results	   in	   pores)	   is	   later.	   	   SEM	   micrographs	   corresponding	   to	   FIP1(ITU,ADPHOS),	  
NIP1(ITU)	  and	  NFP1(EGDMA)	  are	  shown	  in	  Figure	  2-­‐21.	  	  The	  FIP	  has	  a	  noticeably	  less	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smooth	   texture	   than	   the	   control	   polymers,	   and	   is	   similar	   in	   appearance	   to	   the	  
images	  reported	  by	  others,	  for	  example,	  Benito-­‐Peña	  et	  al.	  [25]	  (Figure	  2-­‐22).	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Figure	   2-­‐21	   Scanning	   electron	   micrographs	   of:	   (top)	   FIP1(ITU,ADPHOS);	   (middle)	   NIP1(ITU);	  
(bottom)	  NFP1(EGDMA),	   following	   all	  wash/	   template	   removal	   steps.	   	   The	   surface	   of	   the	   FIP	   is	  
more	  textured	  and	  macroporous	  than	  that	  of	  the	  other	  two	  polymers.	  	  Scale	  bar	  =	  10	  µm.	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Figure	   2-­‐22	   SEM	   micrographs	   reported	   by	   Benito-­‐Peña	   et	   al.,	  
showing	  differences	  in	  surface	  texture	  between	  (top)	  a	  MIP	  and	  
(bottom)	   a	   NIP.	   	   The	   MIP	   was	   prepared	   using	   a	  
urea-­‐functionalised	  monomer	   (1.0	  eq),	   EGDMA	   (40.0	  eq),	  MAA	  
(2.0	  eq),	   ABDV	   (1%	   w/w	   total	   monomers)	   and	   MeCN,	   using	  
enrofloxacin	  as	  template.	  	  Scale	  bar	  =	  1	  µm.	  
Images	  taken	  from	  reference	  25.	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Small Molecule Binding Assays using First 
Generation FIP. 
 
3.1	  Introduction:	  Objectives	  of	  Binding	  Assays	  
 
aving	   designed	   and	   synthesised	   a	   preliminary	   FIP,	   a	   set	   of	   experiments	   was	  
conducted	   to	   ascertain	   whether	   the	   polymer	   is	   indeed	   imprinted	   with	   the	  
phosphate	  functional	  group.	  
	  
Specifically,	  the	  following	  queries	  were	  investigated:	  
	  
1)	   Whether	   FIP1(ITU,ADPHOS)	   binds	   (phosphorylated)	   molecules	   other	   than	   that	  
which	  was	  used	  as	  the	  template	  molecule.	  	  Such	  promiscuity	  is,	  of	  course,	  contrary	  
to	  the	  objectives	  of	  conventional	  molecular	  imprinting	  but	  is	  a	  requisite	  component	  
of	  the	  functional	  group	  imprinting	  concept.	  
	  
2)	  Whether	  FIP1(ITU,ADPHOS)	  is	  generally	  phosphoselective.	  	  
	  
3)	   Whether	   FIP1(ITU,ADPHOS)	   is	   more	   phosphoselective	   than	   the	   corresponding	  
NIP,	  NIP1(ITU).	  	  If	  this	  is	  so,	  it	  would	  provide	  strong	  evidence	  that	  FIP1(ITU,ADPHOS)	  
is	   imprinted	   with	   the	   phosphate	   functional	   	   group,	   supporting	   the	   proposed	  
functional	  group	  imprinting	  concept.	  
(Please	   note	   that,	   for	   ease	   of	   discussion,	   we	   shall	   continue	   to	   refer	   to	   polymer	  
FIP1(ITU,ADPHOS)	  as	  a	  'FIP',	  even	  though	  it	   is	  yet	  to	  be	  proven	  that	  the	  polymer	  is	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4)	   Lastly,	   whether	   phosphoselective	   recognition	   occurs	   in	   aqueous	   systems.	   	   The	  
polymers	  were	  synthesised	  in	  an	  non-­‐hydrogen	  bonding	  organic	  solvent,	  in	  order	  to	  
maximise	  template-­‐monomer	  interactions	  within	  the	  nascent	  binding	  site.	  	  However,	  
most	   phosphopeptides	   require	   aqueous	   media	   for	   solubility,	   and	   the	   FIP	   must	  
therefore	  exhibit	  phosphoselective	  recognition	  under	  such	  conditions.	  
	  
3.2	  Binding	  Assay:	  Polymer	  Substrate	  Selectivity	  in	  Organic	  
Solvent	  
 
3.2.1	  Experimental	  Design	  and	  Set-­‐up	  
	  
In	  the	  first	  experiment,	  two	  batch	  equilibration	  assays	  were	  set	  up,	  each	  containing	  
an	   equimolar	   mixture	   of	   a	   phosphorylated	   analyte	   and	   a	   carboxylated	  
(nonphosphorylated)	  analyte	  with	  either	  FIP1(ITU,ADPHOS)	  or	  NIP1(ITU)	   (Figure	  3-­‐
1).	  	  Refer	  to	  Chapter	  2	  for	  details	  of	  polymer	  design	  and	  preparation.	  	  
	  
Chloroform	   was	   employed	   as	   the	   equilibration	   solvent:	   whilst	   the	   FIP	   would	  
ultimately	   be	   used	  with	   aqueous	   systems,	   in	   this	   initial	   experiment	   a	   very	   simple	  
model	   was	   required	   involving	   minimal	   interference	   from	   protic,	   competitive	  
solvents.	  	  This	  was	  to	  enable	  familiarisation	  with	  the	  system	  and	  development	  of	  an	  
experimental	  procedure	  prior	  to	  translation	  into	  an	  aqueous	  environment.	  	  	  
	  
For	   the	   following	   reasons,	   1-­‐naphthyl	   phosphate	   (TBA	   salt)	   was	   chosen	   as	   the	  
phosphorylated	  analyte	  (N-­‐PHOS-­‐TBA)	  and	  1-­‐naphthyl	  acetate	  (TBA	  salt)	  was	  chosen	  
as	   the	   competitor	   analyte	   (N-­‐ACET-­‐TBA):	   firstly,	   employing	   a	   different	  
phosphorylated	   species	   than	   was	   used	   as	   the	   template	   molecule	   would	   show	  
whether	   the	   FIP	   exhibits	   the	   level	   of	   promiscuity	   required	   of	   a	   functional	   group	  
imprinted	  polymer;	  secondly,	  given	  that	  the	  two	  naphthyl	  derivatives	  are	  essentially	  
very	   simple	  molecules,	  differing	  only	   in	   the	  nature	  of	   the	  oxyanionic	  moieties,	   the	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extent	   to	  which	  selectivity/	  discrimination	   is	  based	  on	   the	  nature	  of	   the	   functional	  
group	  would	  be	  demonstrated;	  thirdly,	  we	  wished	  to	  follow	  the	  experiment	  by	  HPLC,	  
since	  this	  would	  enable	  one	  to	  work	  with	  low	  concentrations	  and	  quantitatively,	  and	  
therefore	   required	   UV-­‐active	   substrates.	   	   The	   TBA	   counterion	   was	   employed	   to	  
enable	  solubility	  in	  an	  organic	  solvent	  (see	  also	  Section	  2.2.2.4).	  	  	  
	  
Thus	   N-­‐PHOS-­‐TBA	   was	   prepared	   by	   stirring	   equimolar	   amounts	   of	   1-­‐naphthyl	  
phosphoric	  acid	  and	  TBA-­‐OH	  ⋅ 	  30H2O	   in	  MeOH,	  followed	  by	  concentration	   in	  vacuo	  
and	   lyophilisation.	   	   Likewise,	   N-­‐ACET-­‐TBA	   was	   prepared	   by	   stirring	   equimolar	  
amounts	   of	   1-­‐naphthalene	   acetic	   acid	   and	   tetrabutylammonium	   30-­‐hydrate	   in	  
MeOH,	   followed	  by	  concentration	   in	  vacuo	  and	   lyophilisation.	   	  Both	  products	  were	  
characterised	   by	   1H	   and	   13C	   NMR	   spectroscopy,	   which	   indicated	   >99%	   purity	   and	  
confirmed	   the	   following	   anion:cation	   stoichiometries:	   1.00:1.00	   (N-­‐PHOS-­‐TBA),	  
1.06:1.00	   (N-­‐ACET-­‐TBA).	   	   The	   salts	   were	   extremely	   hygroscopic	   and	   had	   to	   be	  
handled	  under	  a	  nitrogen	  atmosphere	  where	  practicable.	  	  	  
	  
Figure	   3-­‐1	   Set-­‐up	   of	   Binding	  
Assay	   Polymer	   Substrate	  
Selectivity	   in	   Organic	   Solvent:	  
an	  equimolar	  solution	  of	  the	  two	  
analytes	   in	   CHCl3	   was	   gently	  
agitated	   with	   the	   polymer	  
(either	   an	   imprinted	   polymer,	  
FIP1(ITU,ADPHOS),	   or	   a	   non-­‐
imprinted	   control	   polymer,	  
NIP1(ITU))	   at	   RT.	   The	  
corresponding	  NIP	  was	  prepared	  
in	  the	  same	  way	  as	  the	  FIP	  but	  in	  
the	   absence	   of	   a	  
templatemplate.	   	   Total	   amount	  template.	  	  Total	  amount	  of	  analytes	  used	  was	  calculated	  to	  be	  equivalent	  to	  17	  mol%	  of	  available	  binding	  
sites	  in	  the	  FIP	  (see	  main	  text).	  	  At	  various	  time	  points,	  the	  mixtures	  were	  sedimented	  by	  centrifugation,	  
and	  a	  known	  volume	  of	  supernatants	  removed.	   	  The	  polymers	  were	  then	  subjected	  to	  a	  series	  of	  wash	  
steps	  (CHCl3)	  and	  elution	  steps	  (5%	  v/v	  AcOH	  in	  CHCl3;	  5%	  v/v	  TFA	  in	  CHCl3).	  The	  supernatant	  and	  elution	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It	   is	   intrinsic	   to	   the	  molecular	   imprinting	  mechanism	   that	   non-­‐covalent	   imprinting	  
yields	  heterogeneous	  binding	  sites,	  with	  a	  broad	  spectrum	  of	  binding	  affinities.	  	  For	  
example,	  Umpleby	  et	  al.	  calculated	  a	  range	  of	  dissociation	  constants	  (KD)	  for	  a	  single	  
MIP,	   from	  10-­‐2	   to	   10-­‐8	  M-­‐1,	   over	   a	   range	   of	   analyte	   concentrations	   [168];	   this	  was	  
considered	   to	   be	   evidence	   of	   heterogeneity.	   	   Although	   the	   imprint	   hierarchy	   of	  
FIP1(ITU,ADPHOS)	  has	  not	  been	  characterised,	  we	  estimate	  that	  at	  least	  10-­‐20%	  of	  
the	   available	   binding	   sites	   are	   'good'	   (i.e.	   phosphoselective)	   binding	   sites.	  	  
Accordingly,	  we	  set	  the	  total	  amount	  of	  analytes	  (N-­‐PHOS-­‐TBA	  plus	  N-­‐ACET-­‐TBA)	  in	  
each	   polymer	   binding	   assay	   to	   be	   equal	   to	   20	  mol%5	  of	   the	   estimated	   number	   of	  
available	  binding	  sites	  within	  the	  FIP:	  there	  would	  therefore	  be	  a	  five-­‐fold	  excess	  of	  
binding	  sites	  relative	  to	  analytes	  and,	  since	  the	  analytes	  would	  be	  competing	  for	  the	  
'best'	  binding	  sites,	  this	  would	  provide	  an	  excellent	  test	  of	  the	  discrimination	  ability	  
of	  the	  FIP.	  	  To	  counter	  the	  (potential)	  accusation	  that	  one	  is	  perhaps	  skewing	  the	  test	  
in	  favour	  of	  the	  polymers	  by	  acknowledging	  that	  80-­‐90%	  of	  the	  binding	  sites	  are	  less	  
good:	  should	  these	  80-­‐90%	  of	  sites	  be	  less	  good	  in	  the	  sense	  that	  they	  are	  actually	  
more	  promiscuous,	  then	  to	  show	  that	  the	  non-­‐phosphorylated	  analyte	  does	  not	  bind	  
in	   spite	   of	   this	   excess	   of	   promiscous	   sites	  would	   clearly	   demonstrate	   the	   superior	  
recognition	  performance	  of	  the	  polymers.	  	  Alternatively,	  one	  can	  argue	  that	  we	  are	  
skewing	   the	   test	   in	   our	   favour	   but	   only	   in	   the	   sense	   that	   the	   results	  will	   be	  more	  
clear-­‐cut,	  since	  the	  phosphorylated	  analyte	  will	  not	  be	  drawn	  to	  binding	  the	  inferior	  
binding	  sites.	  
	  
Briefly,	   the	   experiment	   proceeded	   as	   follows:	   into	   two	   separate	   screw-­‐top	   vials	  
containing	   either	   FIP1(ITU,ADPHOS)	   (387	  mg,	   58	  µmol	   estimated	   binding	   sites)	   or	  
NIP1(ITU)	   (387	  mg)	  was	  added	  an	  equimolar	   solution	  of	  N-­‐PHOS-­‐TBA	   and	  N-­‐ACET-­‐
TBA	   (79	  µL,	   approx.	   5	  µmol	   of	   each	   analyte)	   and	   anhydrous	   CHCl3	   (5.00	  mL).	   	   The	  
vials	  were	  gently	  agitated	  at	  RT	  using	  a	  laboratory	  shaker.	  	  	  
	  
                                                
5	  Due	  to	  an	  error	  in	  the	  initial	  calculations,	  the	  actual	  total	  amount	  of	  analytes	  used	  in	  each	  assay	  was	  
actually	  equal	  to	  approx.	  17	  mol%	  estimated	  number	  of	  available	  FIP	  binding	  sites.	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3.2.2	  Analysis	  of	  Equilibration	  Supernatants:	  Results	  
 
Firstly,	   to	   determine	   the	   point	   at	   which	   the	   system	   reached	   equilibrium,	   the	  
polymers	  were	  temporarily	  sedimented	  by	  centrifugation	  at	  various	  timepoints	  (1	  h,	  
2	  h,	  4	  h,	  6	  h,	  22	  h,	  28	  h)	  and	  a	  known	  volume	  of	  each	  of	  the	  supernatants	  analysed	  
by	   HPLC.	   	   The	   relative	   ratio	   of	   HPLC	   peak	   areas	   of	   the	   two	   analytes	   in	   each	  
equilibration	   was	   thus	   recorded	   and	   the	   change	   in	   these	   ratios	   over	   time	   was	  
studied	   to	  determine	  when	  equilibrium	  had	  been	  attained.	   	   The	  data	   in	  Table	   3-­‐1	  
suggest	   that	   equilibrium	   had	   already	   been	   reached	   by	   1	  h:	   this	   bodes	   well	   for	  
eventual	  application	  of	  the	  phosphoselective	  FIPs	  in	  a	  lab	  environment.	  
	  
time	  (h)	   supernatant	  in	  FIP	  equilibration	   supernatant	  in	  NIP	  equilibration	  
N-­‐PHOS-­‐TBA	   N-­‐ACET-­‐TBA	   N-­‐PHOS-­‐TBA	   N-­‐ACET-­‐TBA	  
1	   0.08	   1.00	   0.17	   1.00	  
2	   0.07	   1.00	   0.15	   1.00	  
4	   0.09	   1.00	   0.15	   1.00	  
6	   0.08	   1.00	   0.15	   1.00	  
22	   0.07	   1.00	   0.15	   1.00	  
28	   0.06	   1.00	   0.14	   1.00	  
324	   0.06	   1.00	   0.14	   1.00	  
Table	  3-­‐1	  Binding	  Assay	  Polymer	  Substrate	  Selectivity	   in	  Organic	  Solvent:	  Relative	  ratios	  of	  analyte	  
HPLC	   peak	   areas	   in	   FIP	   and	   NIP	   equilibrations	   at	   set	   timepoints,	   determined	   through	   analysis	   of	  
known	  volumes	  of	  supernatant.	  
	  
	  
For	  practical	  reasons6,	  the	  experiment	  was	  left	  for	  a	  total	  
of	  324	  h,	  at	  which	  point	   the	  polymers	  were	  sedimented	  
by	   centrifugation	   and	   the	   supernatants	   quantitatively	  
analysed	   using	   2-­‐acetonaphthone	   as	   internal	   standard	  
(Figure	   3-­‐2).	   	   2-­‐acetonaphthone	  was	  chosen	  because:	   it	  
displays	   similar	   UV	   absorbance	   to	   the	   phosphorylated	  
                                                
6	  The	  experiment	  coincided	  with	  a	  period	  of	  mandatory	  lab	  closure.	  
Figure	  3-­‐2	  Binding	  Assay	  Polymer	  
Substrate	   Selectivity	   in	   Organic	  
Solvent:	   	  2-­‐acetonaphthone,	  used	  
as	  HPLC	  internal	  standard.	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and	  acetylated	  substrates;	   it	  should	  not	  react	  with	  the	  other	  naphthylated	  species;	  
and	  it	  eluted	  with	  sufficient	  separation	  from	  these	  other	  two	  species	  under	  the	  HPLC	  
conditions	  employed	  (Figure	  3-­‐3).	  	  	  
	  
Thus	  quantitative	  analysis	  
of	   the	   equilibration	  
supernatant	   proceeded	  
as	   follows	   (in	   hindsight	   it	  
would	   have	   been	   more	  
straightforward	   to	   have	  
prepared	  HPLC	  calibration	  
curves):	   firstly,	   an	  
approximately	   equimolar	  
mixture	   of	   N-­‐PHOS-­‐TBA,	  
N-­‐ACET-­‐TBA	   and	  
2-­‐acetonaphthone	   was	  
analysed	  by	  both	  1H	  NMR	  
spectroscopy	   and	   HPLC.	  	  
This	   afforded	   relative	  
peak	   areas	   of	  
0.93	  :	  0.95	  :	  1.00	   (NMR)	  
and	   0.58	  :	  0.71	  :	  1.00	  
(HPLC).	   	   The	   NMR	   ratio	   was	   taken	   to	   reflect	   the	   'true'	   ratio,	   since	   the	   three	  
compounds	  would	  have	  different	  extinction	  coefficients.	   	  The	  HPLC	  signal	  ratio	  was	  
therefore	  normalised	  using	  the	  NMR	  data,	  yielding	  a	  corrected	  HPLC	  signal	  ratio	  of	  
0.62	  :	  0.74:	  1.00	   (N-­‐PHOS-­‐TBA	  :	  N-­‐ACET-­‐TBA	  :	  2-­‐acetonaphthone)	   for	   a	   true	  
equimolar	  mixture.	   	   It	  was	   asserted	   that	   there	   is	   a	   linear	   relationship	   to	   the	  HPLC	  
signal	  ratio	  of	  these	  three	  species.	  
Figure	  3-­‐3	  Binding	  Assay	  Polymer	  Substrate	  Selectivity	   in	  Organic	  
Solvent:	   Expansion	   of	   HPLC	   chromatogram	   of	   mixture	   of	  
N-­‐PHOS-­‐TBA	   (3.1	  min),	   N-­‐ACET-­‐TBA	   (6.8	  min)	   and	  
2-­‐acetonaphthone	  (9.9	  min).	  	  HPLC	  set-­‐up	  A	  (Section	  9.1).	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Afterwards,	  approximately	  150	  µL7	  of	  each	  of	  the	  t=324	  h	  equilibration	  mixtures	  was	  
rapidly	  (to	  minimise	  loss	  through	  evaporation)	  passed	  through	  a	  PTFE	  syringe	  filter;	  
80	  µL	  of	  this	  was	  then	  dried	  under	  a	  gentle	  flow	  of	  N2	  and	  re-­‐dissolved	  in	  a	  250	  µM	  
solution	   of	   2-­‐acetonaphthone	   in	   2:3	   v/v	   MeCN	  :	  H2O	   (70	  µL).	   	   This	   was	   then	  
subjected	  to	  HPLC	  analysis.	  
	  
The	   following	   calculations	   were	   used	   to	   determine	   the	   concentration	   of	   the	   two	  
analytes	  in	  the	  FIP	  and	  NIP	  t=324	  h	  supernatants:	  
                                                
7	  Elaboration	   regarding	   protocol:	   only	   80	  µL	   equilibration	   mixture	   was	   required,	   due	   to	   sensitivity	  
range	  of	  HPLC.	   	  However,	   150	  µL	  was	   initially	   taken,	   to	   allow	   for	   any	   loss	  within	   the	   syringe	   filter.	  	  
Evaporation	  was	  to	  be	  avoided	  prior	  to	  measurement	  of	  the	  80	  µL,	  otherwise	  it	  would	  have	  affected	  
relative	  ratio	  of	  analytes:internal	  standard.	  
Amount	  of	  2-­‐acetonaphthone	  present	  in	  70	  µL:	  17.5	  nmol	  
	  
HPLC	  signal	  ratio	  of	  N-­‐PHOS-­‐TBA	  :	  N-­‐ACET-­‐TBA	  :	  2-­‐acetonaphthone	  in	  the	  t=324	  h	  FIP	  
supernatant:	  0.17	  :	  2.95	  :	  1.00	  
Amount	  of	  N-­‐PHOS-­‐TBA	  present	  in	  injection:	   	  
Concentration	  of	  N-­‐PHOS-­‐TBA	  in	  FIP	  supernatant:	  59	  µM	  
Amount	  of	  N-­‐ACET-­‐TBA	  present	  in	  injection:	   	  
Concentration	  of	  N-­‐ACET-­‐TBA	  in	  FIP	  supernatant:	  872	  µM	  
	  
HPLC	  signal	  ratio	  of	  N-­‐PHOS-­‐TBA	  :	  N-­‐ACET-­‐TBA:	  2-­‐acetonaphthone	  in	  the	  t=324	  h	  NIP	  
supernatant:	  0.31	  :	  2.73	  :	  1.00	  
Amount	  of	  N-­‐PHOS-­‐TBA	  present	  in	  injection:	   	  
Concentration	  of	  N-­‐PHOS-­‐TBA	  	  in	  NIP	  supernatant:	  110	  µM	  
Amount	  of	  N-­‐ACET-­‐TBA	  present	  in	  injection:	   	  
Concentration	  of	  N-­‐ACET-­‐TBA	  in	  NIP	  supernatant:	  806	  µM	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These	  data	  are	  presented	  in	  Figure	  3-­‐3	  and	  discussed	  in	  Sections	  3.2.2	  and	  3.2.3.	  	  	  
The	  solution	  concentrations	  of	  both	  N-­‐PHOS-­‐TBA	  and	  N-­‐ACET-­‐TBA	  were	  then	  used	  
to	  estimate	  the	  molar	  amount	  of	  each	  substrate	  presumably	  bound	  by	  each	  polymer	  





Figure	   3-­‐4	   Binding	   Assay	   Polymer	   Substrate	   Selectivity	   in	   Organic	   Solvent:	   Solution	   concentrations	   of	  
N-­‐PHOS-­‐TBA	   and	  N-­‐ACET-­‐TBA	   at	   t=0	   and	   at	   equilibrium	   in	   FIP	   and	  NIP	   equilibrations.	   	   Calculated	   using	  
2-­‐acetonaphthone	  as	  HPLC	  internal	  standard.	  	  
N-­‐PHOS-­‐TBA	   N-­‐PHOS-­‐TBA	  
N-­‐ACET-­‐TBA	   N-­‐ACET-­‐TBA	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TBA	   N-­‐PHOS-­‐TBA	   N-­‐ACET-­‐TBA	  
(µmol)	   (µmol)	   (µmol)	   (µmol)	  
FIP	   0.3	   4.4	   4.7	   0.6	   123.7	  
NIP	   0.6	   4.1	   4.4	   0.9	   36.5	  
Table	  3-­‐2	  Binding	  Assay	  Polymer	  Substrate	  Selectivity	  in	  Organic	  Solvent:	  Amounts	  of	  each	  analyte	  in	  
solution	  at	  t=324	  h	  calculated	  from	  HPLC	  analysis	  of	  equilibration	  supernatant	  with	  2-­‐acetonaphthone	  
internal	  standard	  (Section	  3.2.2).	  	  Amounts	  of	  each	  analyte	  assumed	  to	  be	  bound	  to	  each	  polymer	  at	  
equilibrium	  calculated	  by	  subtracting	  equilibrium	   in	   solution	  amounts	   from	  t=0	  amounts	   (4.99	  µmol	  
each	  analyte).	  	  Separation	  (α)	  factor	  calculated	  according	  to	  Equation	  3-­‐1.	  	  
	  
A	  separation	  factor	  (α)	  for	  each	  system	  was	  also	  calculated	  (Equation	  3-­‐1,	  Table	  3-­‐2)	  
[255].	   	  The	  separation	  factor	   is	  a	  relative	   index	  of	  binding	  selectivity,	   incorporating	  
the	   proportion	   of	   bound	   target	   and	   that	   of	   a	   competitor	   substrate.	   	   A	   high	  
proportion	  of	  bound	  target	  and	  a	  low	  proportion	  of	  bound	  competitor	  contribute	  to	  
a	  high	  α-­‐factor	  value.	  
	  	  
Equation	  3-­‐1	  
!  =  N-PHOS-TBA  bound[ ] N-ACET-TBA  in solution[ ]analyte  N-PHOS-TBA  in solution[ ] N-ACET-TBA  bound[ ] 	  
[values	  in	  square	  brackets	  refer	  to	  molar	  amounts]	  
	  
3.2.3	  Analysis	  of	  Equilibration	  Supernatants:	  Discussion	  
 
Looking	  at	  Figure	  3-­‐4	  and	  Table	  3-­‐2,	   the	   first	   thing	  to	  note	   is	   that	   the	  FIP	  bound	  a	  
(phosphorylated)	   compound	   other	   than	   that	   which	   was	   used	   as	   the	   imprint	  
template,	  1-­‐adamantyl	  phosphate;	  this	  is,	  of	  course,	  a	  key	  objective	  of	  the	  functional	  
group	   imprinting	   proposal,	   and	   distinguishes	   such	   a	   polymer	   from	   conventional	  
MIPs.	   	   Secondly	   -­‐	   and	   rather	   pleasingly	   -­‐	   the	   FIP	   displayed	   clear	   phosphoselective	  
behaviour,	   binding	   more	   of	   N-­‐PHOS-­‐TBA	   than	   of	   the	   non-­‐phosphorylated,	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potentially	   competitive	   N-­‐ACET-­‐TBA.	   	   For	   example,	   at	   equilibrium,	  
FIP1(ITU,ADPHOS)	   had	   apparently	   bound	  4.7	  µmol	   (96%	  of	   starting	   amount)	   of	  N-­‐
PHOS-­‐TBA	  and	  only	  0.6	  µmol	  (12%	  of	  starting	  amount)	  of	  N-­‐ACET-­‐TBA	  (Table	  3-­‐2).	  	  	  
	  
Nonetheless,	   it	   is	   intringuing	   to	  note	   that	  NIP1(ITU)	   also	  exhibits	  phosphoselective	  
behaviour.	   	  This	  was	  not	  necessarily	  anticipated	  but	  can	  be	  explained	   if	  one	  allows	  
that	  the	   isothiouronium-­‐functionalised	  monomer	   ITU-­‐FM	   is	   itself	  phosphoselective.	  	  
We	  do	  not	  have	  the	  data	  to	  determine	  whether	  this	  is	  the	  case:	  in	  future,	  it	  would	  be	  
of	   interest	  to	  calculate	  association	  constants	  between	   ITU-­‐FM	  and	  each	  of	  the	  two	  
analytes	   in	  CHCl3	   (via	  NMR	  titrations	  or	  similar)	   to	  properly	  establish	  whether	   ITU-­‐
FM	  binds	  more	  strongly	  to	  one	  or	  the	  other	  oxyanion.	  	  	  
	  
We	  also	  considered	  whether	  the	  explanation	  lies	  in	  substrate	  size:	  that	  is,	  although	  
the	  NIP	  is	  non-­‐imprinted,	   its	   isothiouronium	  binding	  functionalities	  are	  nonetheless	  
likely	  to	  be	  located	  inside	  the	  monolithic	  particles,	  accessible	  via	  a	  network	  of	  pores;	  
it	  was	   therefore	   considered	  whether	   substrate	  diffusion	   rates	   could	   affect	   relative	  
binding	  rates/	  levels,	  i.e.	  inducing	  a	  size-­‐exclusion	  phenomenon.	  	  However,	  since	  we	  
estimate	  that	  N-­‐PHOS-­‐TBA	   is	  actually	  slightly	  bulkier	  than	  N-­‐ACET-­‐TBA	  (ionic	  radius	  
H2PO4-­‐	  2.00	  Å;	  ionic	  radius	  HCO2-­‐	  1.56	  Å	  [256]),	  the	  situation	  is	  obviously	  not	  so	  clear-­‐
cut.	   	   Other	   factors	   that	   typically	   influence	   selectivity	   of	   anion	   receptors	   include	  
solution	  pH,	  ionic	  strength	  and	  substrate	  lipophilicity	  [256];	  still,	  the	  extent	  to	  which	  
these	  factors	  come	  into	  play	  in	  an	  aprotic,	  organic	  medium	  is	  unclear	  and	  one	  would	  
require	   to	  carry	  out	  more	  extensive	  analyses	  of	   the	  FIP	  and	  NIP,	   in	  various	  solvent	  
systems	   and	   with	   a	   greater	   diversity	   of	   substrates,	   to	   better	   understand	   the	  
situation.	  	  	  
	  
Nonetheless,	   even	   though	   the	   NIP	   exhibited	   phosphoselectivity,	   the	   FIP	   was	  
substantially	  more	  selective	  than	  the	  NIP	  under	  the	  conditions	  studied:	  for	  example,	  
Figure	   3-­‐4	   illustrates	   that	   the	  FIP	  sequestered	  more	  of	  N-­‐PHOS-­‐TBA	  and	   less	  of	  N-­‐
ACET-­‐TBA	   than	  did	  the	  NIP.	   	  This	   is	  underlined	  by	  the	  greater	  α-­‐factor	  afforded	  by	  
the	  FIP	  (α	  =	  123.7)	  than	  by	  the	  NIP	  (α	  =	  36.5)	  (Table	  3-­‐2).	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Following	  this	  result,	  it	  was	  desirable	  to	  characterise	  the	  extent	  to	  which	  the	  overall	  
phosphoselective	  behaviour	  of	  the	  FIP	  was	  directly	  attributable	  to	  a	  functional	  group	  
imprinting	  effect.	   	  A	  very	  simple	  model	   is	  therefore	  proposed:	  allowing	  that	  typical	  
imprinted	   polymers	   contain	   a	   heterogeneous	   distribution	   of	   binding	   sites	   (Section	  
1.12	   [168]),	  one	  could	  very	  primitively	  describe	  a	  spectrum	  of	   sites	  within	   the	   two	  
polymers	  under	  discussion,	  ranging	  from	  phosphospecific	   to	  non-­‐specific	   (Figure	  3-­‐
5).	   	   Characterisation	   of	   the	   degree	   of	   phosphospecific	   binding	   attributable	   to	   a	  
functional	  group	  imprinting	  effect	  therefore	  proceeds	  as	  follows:	  since	  it	  is	  assumed	  
that	  any	  bound	  N-­‐ACET-­‐TBA	  was	  non-­‐specifically	  retained	  by	  the	  polymers,	  i.e.	  that	  
it	  occupied	  sites	  of	  equal	  affinity/	  selectivity	  for	  both	  analytes,	  by	  very	  definition	  the	  
same	  amount	  of	  N-­‐PHOS-­‐TBA	   is	   also	  estimated	   to	  be	  bound	  non-­‐specifically.	   	  Any	  
additional	  N-­‐PHOS-­‐TBA	  on	  the	  FIP	   is	   therefore	  assumed	  to	  occupy	  phosphospecific	  
binding	   sites	   (Figure	   3-­‐6,	   left	   and	   centre).	   	   Comparing	   then	   the	   amounts	   of	  
Figure	   3-­‐5	   Illustration	   of	   simple	   model	   of	   binding	   site	   distribution	   within	   FIP1(ITU,ADPHOS)	   and	  
NIP1(ITU):	   the	   polymers	   contain	   a	   heterogeneous	   distribution	   of	   binding	   sites,	   crudely	   assigned	   as	  
either	   "phosphospecific"	   or	   "non-­‐specific",	   where	   non-­‐specific	   sites	   are	   defined	   as	   those	   exhibiting	  
equal	  affinity/	  selectivity	  for	  phosphorylated	  and	  non-­‐phosphorylated	  analytes.	  	  For	  ease	  of	  analysis,	  
an	   arbitrary	   threshold	   is	   applied.	   	   However,	   it	   is	   acknowledged	   that,	   in	   reality,	   the	   distribution	   of	  
binding	  sites	  is	  much	  too	  complex	  to	  fit	  in	  with	  this	  simple	  model,	  and	  it	  would	  be	  almost	  impossible	  
to	  fully	  characterise	  the	  binding	  site	  distribution/	  imprint	  hierarchy	  of	  the	  polymers.	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phosphospecifically-­‐bound	  N-­‐PHOS-­‐TBA	  retained	  by	  the	  two	  polymers,	  it	  is	  apparent	  
that	  there	  is	  17%	  more	  phosphospecific	  binding	  by	  the	  FIP	  than	  by	  the	  NIP	  (Figure	  3-­‐
6,	   right).	   	  And	  recognising	  that	  the	  only	  difference	   in	  the	  preparation	  of	   these	  two	  
polymers	  was	  the	  presence	  or	  absence	  of	  an	  imprint	  molecule,	  we	  propose	  that	  this	  
difference	   in	   selectivity	   is	   attributable	   to	   a	   phosphate	   functional	   group	   imprinting	  
effect.	  	  This	  is	  excellent	  initial	  evidence	  in	  favour	  of	  the	  functional	  group	  imprinting	  
concept.	  	  
	  
Following	   the	   above	   calculations,	   one	   may	   estimate	   that	   23%	   of	   total	   uptake	   by	  
FIP1(ITU,ADPHOS)	  is	  attributed	  to	  non-­‐specific	  binding8	  (i.e.	  uptake	  by	  binding	  sites	  
exhibiting	  equal	  affinity/	   selectivity	   for	  either	  analyte).	   	  Any	  degree	  of	  non-­‐specific	  
                                                
8 	  0.6	  µmol	   N-­‐ACET-­‐TBA	   bound	   by	   the	   FIP:	   this	   is	   assumed	   to	   be	   bound	   by	   non-­‐specific	   sites.	  	  
Therefore,	  by	  definition,	  0.6	  µmol	  of	  N-­‐PHOS-­‐TBA	   is	  also	  bound	  by	  non-­‐specific	  sites.	   	   (0.6	  ×	  2)	  as	  a	  
percentage	  of	  total	  amount	  of	  analytes	  bound	  (4.7	  µmol	  +	  0.6	  µmol)	  =	  23%	  
Figure	   3-­‐6	   Binding	  Assay	  Polymer	   Substrate	   Selectivity	   in	  Organic	   Solvent:	  Proposed	   involvement	  of	  NIP	  
(left)	   and	  FIP	   (centre)	   binding	   site	   subpopulations	   in	  phosphospecific	   and	  non-­‐specific	  binding	   of	   the	   two	  
analytes,	  where	  non-­‐specific	  binding	  sites	  are	  defined	  as	   those	  exhibiting	  equal	  affinity/	   selectivity	   for	  the	  
two	  analytes.	  	  Since	  all	  of	  the	  bound	  N-­‐ACET-­‐TBA	   is	  proposed	  to	  occupy	  such	  sites,	  by	  definition	  the	  same	  
amount	  of	  N-­‐PHOS-­‐TBA	  will	  also	  be	  bound	  non-­‐specifically.	  	  The	  remaining	  bound	  N-­‐PHOS-­‐TBA	  is	  expected	  
to	  occupy	  phosphospecific	  sites.	  	  (Right):	  difference	  in	  amounts	  of	  N-­‐PHOS-­‐TBA	  retained	  by	  phosphospecific	  
sites	  on	  the	  FIP	  and	  the	  NIP,	  which	  is	  proposed	  to	  arise	  from	  a	  phosphate	  functional	  group	  imprinting	  effect.	  	  
Thus,	  in	  the	  current	  binding	  assay,	  the	  act	  of	  imprinting	  augments	  phosphospecific	  binding	  by	  17%	  (relative	  
to	  the	  amount	  of	  phosphospecific	  binding	  in	  the	  NIP).	  
0.9	  µmol	  	  
4.4	  -­‐	  0.9	  =	  3.5	  µmol	  	  
0.6	  µmol	  	  
4.7	  -­‐	  0.6	  =	  4.1	  µmol	  	  
3.5	  µmol	   4.1	  µmol	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binding	  is,	  of	  course,	  undesirable,	  and	  it	  is	  thus	  important	  to	  consider	  ways	  in	  which	  
this	  could	  be	  reduced	  in	  any	  subsequently	  designed	  FIPs.	  
	  
In	   designing	   the	   FIP,	   it	   was	   expected	   that	   phosphate	   functional	   group	   selectivity	  
would	   predominantly	   arise	   from	   spatial	   pre-­‐organisation	   of	   functional	   monomers	  
around	   the	   phosphorylated	   template	   molecule	   in	   a	   2:1	   stoichiometry	   (as	   well	   as	  
from	  any	   inherent	   phosphate	  monoester	   functional	   group	   selectivity	   originating	   in	  
the	  isothiouronium	  functional	  monomer	  itself).	   	  Therefore,	  possible	  reasons	  for	  the	  
non-­‐specific	  binding	  include	  either	  or	  both	  of	  the	  following	  possible	  scenarios:	  	  
1)	   If	   the	   pre-­‐polymerisation	   complex	   is	   weak,	   such	   that	   the	   position	   of	  
equilibrium	   is	   very	   much	   on	   the	   side	   of	   non-­‐complexed	   template	   and	  
functional	   monomers,	   few	   binding	   functionalities	   within	   the	   resulting	  
polymer	   would	   be	   pre-­‐organised	   (i.e.	   imprinted).	   	   Recall	   that	   pre-­‐
polymerisation	  complexation	  studies	  in	  Chapter	  2	  yielded	  two	  distinct	  values	  
of	   Ka	   between	   ITU-­‐FM	   and	   1-­‐adamantyl	   phosphate:	   400	  M-­‐1	   and	   3700	  M-­‐1	  
(CDCl3),	  depending	  upon	  which	  proton	  resonance	  was	  used	   to	  calculate	   the	  
binding	  constant.	   	   If	   the	   lower	  of	   these	  two	  values	   is	  actually	  closest	   to	   the	  
'true'	   or	   predominant	   association	   constant,	   one	   might	   imagine	   that	   an	  
interferingly	   large	   proportion	   of	   template/	   functional	   monomer	   would	   be	  
incorporated	  into	  the	  polymer	  in	  a	  non-­‐complexed	  (i.e.	  free)	  form.	  	  Needless	  
to	  say,	  this	  would	  generate	  a	  poorly	  imprinted	  polymer.	  
	  
This	   suggests	   that,	  when	   designing	   another	   FIP9,	   one	   ideally	   requires	  much	   better	  
binding	  sites,	  with	  a	  much	  higher	  binding	  constant	  (e.g.	  106	  M-­‐1	  or	  higher	  [171]).	  
	  
2)	   A	   second	   scenario	   that	   may	   result	   in	   the	   FIP	   and	   NIP	   performing	   similarly	  
supposes	   that	   1-­‐adamantyl	   phosphate	   and	   monomer	   ITU-­‐FM	   existed	  
predominantly	   as	   a	   1:1	   complex	   during	   polymerisation.	   	   As	   detailed	   in	  
Chapter	   2,	   NMR	   complexation	   experiments	   suggested	   that	   a	   1:1	   and	   a	   2:1	  
template:	  monomer	  complex	  co-­‐exist	  in	  solution	  (CDCl3).	  	  Since	  2.0	  eq	  of	  ITU-­‐
                                                
9	  This	  statement	  is	  equally	  true	  for	  MIPs	  as	  for	  FIPs	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FM	   (relative	   to	   template)	   was	   incorporated	   into	   the	   nascent	   polymer,	   the	  
effects	  of	  a	  predominant	  1:1	  complex	  would	  be	  two-­‐fold.	  	  Firstly,	  up	  to	  50	  %	  
of	   functional	   monomer	   in	   the	   FIP	   would	   be	   non-­‐complexed	   and	   therefore	  
non-­‐imprinted,	   but	   incorporated	   into	   the	   polymer	  matrix,	  much	   like	   in	   the	  
NIP.	   	   Secondly,	   in	   line	   with	   the	   proposals	   of	   Yeo	   et	   al.	   (Section	   2.1.2),	  
complexation	   geometries	   between	   a	   single	   isothiouronium	  moiety	   and	   the	  
phosphorylated	  and	   carboxylated	  analytes	  may	  be	  more	  alike	   than	   in	   a	   2:1	  
monomer	  :	  oxyanion	   stoichiometry,	   rendering	   functional	   group	   selectivity	  
much	  less	  definite.	  
 
3.2.4	  Analysis	  of	  Wash	  and	  Elution	  Steps:	  Results	  
 
Following	  batch	  equilibration	  analysis,	  we	  sought	  to	  isolate	  and	  wash/	  elute	  from	  the	  
polymers;	  ideally,	  the	  wash	  step	  should	  dislodge	  any	  weakly/	  non-­‐specifically	  bound	  
substrates	   (i.e.	   non-­‐phosphorylated	   species),	   whilst	   a	   final	   elution	   step	   should	  
release	  the	  bound	  (phosphorylated)	  substrates.	  
	  
Recall	   that,	   following	   synthesis	   of	   FIP1(ITU,ADPHOS),	   the	   imprint	   template	   was	  
removed	  using	  5%	  v/v	  AcOH	  in	  CHCl3	  followed	  by	  5%	  v/v	  TFA	  in	  CHCl3	  (Section	  2.4).	  	  
The	   same	   conditions	  were	   adopted	   for	   the	  present	   experiment:	   upon	   equilibrium,	  
the	   polymers	   were	   treated	  with	   5%	   v/v	   AcOH	   in	   CHCl3	   via	   soxhlet	   extraction	   and	  
then	  stirred	  in	  5%	  v/v	  TFA	  in	  CHCl3.	  	  	  
	  
We	  were	   interested	   in	  monitoring	   the	   soxhlet	   wash/elution	   step	   over	   time,	   using	  
HPLC,	   in	   order	   to	   observe	   the	   order	   in	   which	   the	   bound	   analytes	   were	   dislodged	  
from	  the	  polymers.	  	  We	  therefore	  sought	  to	  analyse	  a	  set	  volume	  of	  the	  extractant	  
at	  various	   time	  points	   in	  accordance	  with	   the	   following	  method.	   	   It	  was	  estimated	  
that	   14	  mL	   of	   extractant	   (subsequently	   concentrated	   in	   vacuo)	   should	   contain	   a	  
suitable	  amount	  of	  the	  analytes	  for	  accurate	  HPLC	  detection.	  	  This	  was	  estimated	  as	  
follows:	  HPLC	  analysis	  of	  stock	  solutions	  of	  N-­‐ACET-­‐TBA	  and	  N-­‐PHOS-­‐TBA	   indicated	  
that	   an	   injection	  of	   270	  nmol	  of	   either	   analyte	   affords	   a	  UV	   response	   close	   to	   the	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upper	  detection	   limit	  of	   the	  UV	  detector.	   	   Since	   the	  maximum	  possible	  amount	  of	  
each	  analyte	  in	  250	  mL	  extractant	  =	  approx.	  5	  µmol,	  it	  was	  calculated	  that	  14	  mL	  of	  
extractant	   would	   contain	   up	   to	   approx.	   270	  nmol	   of	   each	   analyte	   and	   would	  
therefore	  be	  an	  appropriate	  volume	  to	  analyse.	  	  Thus,	  during	  the	  soxhlet	  wash	  step,	  
14	  mL	  of	  extractant	  was	  removed	  at	  the	  following	  time	  points:	  15	  min;	  30	  min;	  1	  h;	  
2	  h;	  replacing	  it	  each	  time	  with	  14	  mL	  fresh	  AcOH/	  CHCl3.	  	  These	  fractions,	  as	  well	  as	  
the	  total	   remaining	  extract/	  extractant	  at	   t=24	  h,	  were	  each	  concentrated	   in	  vacuo	  
and	  the	  residues	  each	  taken	  up	  in	  a	  250	  µM	  solution	  of	  2-­‐acetonaphthone	  in	  2:3	  v/v	  
MeCN	  :	  H2O	  (70	  µL),	  as	  described	  previously,	  and	  subjected	  to	  HPLC	  analysis.	  	  	  
	  
Unfortunately,	   this	   approach	   led	   to	   inconclusive	   results	   because	   a	   number	   of	  
unidentified	  peaks	  were	  observed	  around	   the	  elution	   time	  of	  both	   analytes	   in	   the	  
chromatograms	  corresponding	  to	  15	  min,	  30	  min,	  1	  h	  and	  2	  h,	  thereby	  complicating	  
Figure	  3-­‐7	  Binding	  Assay	  Polymer	  Substrate	  Selectivity	   in	  Organic	  Solvent:	  HPLC	  chromatogram	  of	  total	  
remaining	  extracts	  washed	  from	  FIP1(ITU,ADPHOS)	  after	  24	  h	  soxhlet	  extraction	  in	  5%	  v/v	  AcOH	  in	  CHCl3.	  	  
The	  analytes	  of	   interest	  are	  highlighted	  in	  blue	   (N-­‐PHOS-­‐TBA,	  3.1	  min),	  turquoise	   (N-­‐ACET-­‐TBA,	  6.8	  min)	  
and	  pink	  (2-­‐acetonaphthone	  internal	  standard,	  9.8	  min).	  	  Peaks	  marked	  by	  an	  asterisk	  also	  observed	  in	  a	  
control	  experiment	  where	  a	  separate	  batch	  of	  FIP1(ITU,ADPHOS)	  was	  stirred	   in	  CHCl3	   for	  19	  h	  at	  RT.	   	  All	  
other	  peaks	  tentatively	  assigned	  to	  impurities	  that	  have	  been	  washed	  from	  the	  polymer	  backbone.	  
HPLC	  set-­‐up	  A	  (Section	  9.1).	  	  
* 
* * * * 
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analysis	  (see	  Figure	  3-­‐7	  for	  an	  example).	  	  As	  the	  experiment	  was	  designed	  for	  HPLC,	  
the	   unidentified	   species	   were	   not	   applicable	   to	   characterisation	   by	   NMR	  
spectroscopy	  (low	  analyte	  concentrations).	  	  Ongoing	  analysis	  of	  the	  wash	  steps	  was	  
therefore	  abandoned.	  	  	  
	  
However,	  HPLC	  analysis	  of	  the	  total	  remaining	  extracts	  after	  24	  h	  soxhlet	  extraction	  
was	   more	   straightforward:	   whilst	   these	   chromatograms	   did	   contain	   a	   number	   of	  
unidentified	  peaks,	  minimal	  overlap	  with	  the	  peaks	  of	  interest	  enabled	  more	  reliable	  
analysis	  (Figure	  3-­‐7). 
	  
We	  have	  been	  unable	  to	  unequivocally	  identify	  the	  additional	  components.	  However,	  
in	  a	  separate	  experiment,	  a	  batch	  of	  both	  polymers	  was	  stirred	  in	  CHCl3	  for	  19	  h	  at	  
RT	  and	  the	  concentrated	  filtrates	  analysed	  by	  HPLC.	  	  This	  yielded	  some	  of	  the	  same	  
peaks	   that	   were	   observed	   in	   the	   aforementioned	   chromatograms	   (marked	   by	  
asterisks	   in	   Figure	   3-­‐7),	   indicating	   that	   they	   probably	   arise	   from	   unreacted	   and	  
extractable	  compounds	  generated	  through	  the	  original	  polymerisation	  reactions.	  	  	  
	  
Afterwards,	  following	  the	  soxhlet	  wash	  step,	  the	  polymer	  particles	  were	  stirred	  in	  5%	  
TFA	  v/v	  CHCl3	   for	  27	  h	  at	  RT,	   to	  elute	  any	   remaining	  analytes.	   	  The	  polymers	  were	  
then	  isolated	  via	  vacuum	  filtration,	  washed	  through	  with	  chloroform	  and	  the	  filtrate	  
concentrated	   in	  vacuo.	   	   The	   residue	   was	   then	   taken	   up	   in	   chloroform	   (200	  µL),	  
100	  µL	  of	  which	  was	  dried	  down	  using	  a	  gentle	  flow	  of	  N2	  then	  taken	  up	  in	  a	  250	  µM	  
solution	  of	  2-­‐acetonaphthone	  in	  2:3	  v/v	  MeCN	  :	  H2O	  (70	  µL),	  as	  described	  previously,	  
and	  subjected	  to	  HPLC	  analysis.	  	  	  
 
3.2.5	  Analysis	  of	  Wash	  and	  Elution	  Steps:	  Discussion	  
 
Figure	  3-­‐8	  shows	  the	  total	  amounts	  of	  each	  analyte	  washed	  from	  the	  polymers	  after	  
a	  total	  of	  24	  h	  soxhlet	  extraction.	  	  Arbitrary	  units	  are	  used	  in	  the	  figure,	  despite	  the	  
fact	   that	   the	  amounts	  were	  calculated	   in	  nmol;	   this	   is	  because	  to	  provide	  absolute	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values	  here	  would	  be	  misleading	  due	  to	  the	  unknown	  amount	  of	  sample	  lost	  through	  
sequential	  sample-­‐taking	  at	  15	  min,	  30	  min,	  1	  h	  and	  2	  h.	  
	  
Figure	  3-­‐9	  details	  the	  molar	  amounts	  of	  each	  analyte	  removed	  from	  the	  polymers	  by	  
stirring	  in	  5%	  v/v	  TFA	  in	  CHCl3.	  	  Whilst	  analyte	  recoveries	  initially	  appear	  to	  be	  much	  
lower	   than	   the	   starting	   amounts	   (which	  were	   5	  µmol	   of	   each	   analyte),	   recall	   that	  
unquantifiable	  losses	  of	  each	  binding	  assay	  mixture	  occurred	  through	  sample-­‐taking	  
of	   the	   supernatant	   at	   various	   timepoints	   to	  determine	  equilibration	   attainment	   as	  
well	  as	  during	  sequential	  sample-­‐taking	  during	  the	  wash	  step.	   	  Therefore,	  what	  are	  
most	   important	   here	   are	   the	   relative	   ratios	   of	   the	   two	   analytes	   within	   each	  
equilibration	  as	  well	  as	  the	  relative	  recoveries	  between	  assays.	  	  Thus	  21	  times	  more	  
N-­‐PHOS-­‐TBA	   than	  N-­‐ACET-­‐TBA	   was	   ultimately	   eluted	   from	   the	   FIP,	   whilst	   just	   17	  
Figure	  3-­‐8	  Binding	  Assay	  Polymer	  Substrate	  Selectivity	  in	  Organic	  Solvent:	  Amounts	  of	  N-­‐PHOS-­‐TBA	  and	  
N-­‐ACET-­‐TBA	   removed	   from	   the	   polymers,	   via	   soxhlet	   extraction	   using	   5%	   v/v	   AcOH	   in	   CHCl3,	   as	  
determined	  from	  quantitative	  HPLC	  analysis	  of	  total	  remaining	  extracts	  using	  2-­‐acetonaphthone	  as	  HPLC	  
internal	  standard.	  	  	  y-­‐axis	  units	  are	  given	  as	  arbitrary	  since	  extract/	  extractant	  fractions	  taken	  at	  all	  prior	  
timepoints	  could	  not	  be	  analysed	  and	  therefore	  included	  in	  the	  calculation	  (see	  main	  text).	  
N-­‐ACET-­‐TBA	  
N-­‐PHOS-­‐TBA	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times	  more	  N-­‐PHOS-­‐TBA	   than	  N-­‐ACET-­‐TBA	  was	   eluted	   from	   the	  NIP.	   	   Also,	  whilst	  
essentially	  equal	  amounts	  of	  N-­‐ACET-­‐TBA	  were	  eluted	  from	  each	  polymer,	  1.3	  times	  
more	   N-­‐PHOS-­‐TBA	   was	   eluted	   from	   the	   FIP	   than	   from	   the	   NIP,	   highlighting	   its	  
superior	  phosphoselectivity.	  
	  
Further	   evidence	   that	   the	  polymers	   are	  phosphoselective	   in	   their	   behaviour	   is	   the	  
observation	  that	  elution	  of	  N-­‐PHOS-­‐TBA	  succeeded	  elution	  of	  N-­‐ACET-­‐TBA,	  thereby	  
demonstrating	  N-­‐PHOS-­‐TBA	  to	  be	  more	  tightly	  bound	  by	  the	  polymers.	  This,	  and	  the	  
mere	   fact	   that	   bound	   analytes	   can	   be	   eluted	   from	   the	   polymers	   under	  
straightforward	  experimental	  conditions,	  are	  very	  promising	  results.	  	  
 
 	  
Figure	  3-­‐9	  Binding	  Assay	  Polymer	  Substrate	  Selectivity	   in	  Organic	  Solvent:	  Amounts	  of	  N-­‐PHOS-­‐TBA	  and	  
N-­‐ACET-­‐TBA	   removed	   from	   the	   polymers,	   via	   stirring	   in	   5%	   v/v	   TFA	   in	   CHCl3,	   as	   determined	   from	  
quantitative	  HPLC	  analysis	  using	  2-­‐acetonaphthone	  HPLC	  internal	  standard.	  	  See	  main	  text	  for	  explanation	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3.2.6	  Concluding	  Comments	  
 
To	  finally	  summarise,	  the	  FIP	  and	  a	  control,	  non-­‐imprinted	  polymer	  were	  subjected	  
to	   a	   simple	   experiment	   to	   determine	   the	   degree	   of	   phosphate	   functional	   group	  
selectivity	   in	   aprotic,	   organic	   medium.	   	   Whilst	   the	   FIP	   did	   selectively	   bind	   the	  
phosphorylated	   analyte	   over	   a	   carboxylated	   analogue,	   the	   NIP	   also	   exhibited	  
selectivity,	  though	  to	  a	  lesser	  extent	  than	  the	  FIP.	  	  Various	  possible	  explanations	  for	  
this	  were	   proposed;	   however,	  we	   require	   to	   carry	   out	   further	   experiments	   before	  
any	  definite	  conclusions	  can	  be	  put	  forward.	  
	  
The	  FIP	  was	  shown	  to	  exhibit	  17%	  greater	  selectivity	  for	  the	  phosphorylated	  analyte	  
than	  did	  the	  NIP;	  this	   is	  promising	  initial	  evidence	  in	  favour	  of	  the	  functional	  group	  
imprinting	  concept.	  	  However,	  polymer	  performance	  was	  far	  from	  ideal:	  the	  FIP	  still	  
exhibited	   non-­‐specific	   binding	   (23%	   of	   total	   uptake	   by	   the	   FIP	   attributed	   to	   non-­‐
specific	  binding,	  Section	  3.2.3).	  	  Considering	  that	  these	  results	  are	  from	  an	  assay	  run	  
in	  aprotic,	  organic	  solvent	  (rather	  than	  a	  competitive	  solvent)	  one	  can	  speculate	  that	  
FIP	  performance	  will	  be	  much	  worse	  when	  applied	  to	  an	  aqueous	  system,	  and	  will	  
therefore	  be	  inadequate	  for	  phosphopeptide	  enrichment.	  	  As	  put	  forward	  in	  Section	  
3.2.3,	  any	  future	  refinements	  of	  a	  phosphate	  monoester	   imprinted	  polymer	  clearly	  
must	   include	  a	  redesigned	  binding	  site	  with	  higher	  association	  constants	   than	  with	  
the	  current	  prototype	  -­‐	  see	  Chapter	  4.	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4.1	  Design	  of	  Functional	  Monomer	  for	  2nd-­‐Generation	  FIP	  
 
hilst	  the	  thiouronium-­‐based	  FIP	  showed	  a	  promising	  degree	  of	  selectivity	  for	  
the	  phosphate	  functional	  group,	  early	  on	  we	  suspected	  that	  a	  receptor	  based	  
primarily	   upon	   H-­‐bond	   interactions	   would	   have	   limited	   performance	   in	  
water-­‐rich	   media.	   	   In	   parallel,	   therefore,	   we	   sought	   to	   design	   a	   FIP	   containing	   a	  
mode	  of	  binding	  more	  compatible	  with	  aqueous	  systems.	  
	  
Metal	   ions	   are	   able	   to	   bind	   a	   wide	   range	   of	   functional	   groups	   via	   donation	   of	  
electrons	   from	   heteroatoms	   on	   the	   ligand	   to	   the	   unfilled	   orbitals	   of	   the	   outer	  
coordination	  sphere	  of	  the	  metal.	   	  With	  metal-­‐mediated	  recognition,	  the	  metal	   ion	  
forms	  a	  thermodynamically	  stable	  complex	  with	  the	  receptor.	  	  The	  target	  compound	  
then	  binds	  to	  the	  chelated	  metal,	  either	  through	  occupation	  of	  an	  unsaturated	  metal	  
coordination	   site	   or	   through	   displacement	   of	   a	  weakly	   bound	   solvent	  molecule	   or	  
counterion.	   	  Sometimes	  the	  target	  compound	  forms	  additional	  binding	  interactions	  
with	   the	   rest	   of	   the	   receptor,	   for	   example	  H-­‐bonds,	   electrostatic	   interactions,	  π-­‐π	  
stacking	   etc.	   	   Advantages	   of	   using	   metal-­‐mediated	   interactions	   in	   a	   receptor	   are	  
that,	  depending	  on	  the	  metal,	  ligand(s),	  metal	  oxidation	  state,	  coordination	  number	  
and	  coordination	  geometry,	  very	  strong	   interactions	  can	  be	  obtained	   [257].	   	  These	  
are	   typically	   quite	   compatible	   with	   aqueous	   solvents.	   	   Furthermore,	   a	   degree	   of	  
selectivity	   can	   be	   acquired	   owing	   to	   the	   nature	   of	   the	   metal	   and	   its	   affinity	   for	  
particular	   ligands	   (vide	   infra),	   as	   well	   as	   the	   inherent	   directionality	   of	   the	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Figure	  4-­‐1	  Examples	  of	  metal-­‐mediated	  interactions	  within	  imprinted	  polymers:	  (A)	  imprinted	  creatinine	  
recognition	   site	   incorporating	   a	   Zn(II)-­‐cyclen	   system	   [6];	   (B)	   catalytically-­‐active	   binding	   site	  
(carboxypeptidase	   A	   mimic)	   incorporating	   Cu(II)	   with	   phosphate	   diester	   template	   as	   TSA	   [7,	   8];	   (C)	  
binding	  site	  for	  histidine-­‐bearing	  peptide,	  based	  on	  NTA-­‐Ni(II)	  [8,	  11]	  (D)	  surface-­‐imprinting	  with	  protein	  
bearing	  exposed	  histidine	  groups,	  using	  Cu(II)-­‐mediated	  recognition	  [14].	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For	  many	  years	  now,	  metal	  ion-­‐mediated	  binding	  has	  been	  successfully	  exploited	  in	  
molecular	   imprinting	   [8,	   259].	   	   For	   example,	   Hart	   and	   Shea	   used	   a	   polymerisable	  
nitrilotriacetic	   acid	   derivative	   chelated	   to	   Ni(II)	   to	   imprint	   within	   poly(acrylamide)	  
matrices	   using	   a	   peptide	   containing	   a	   terminal	   histidine	   functionality	   (histidine	   is	  
known	   to	   have	   high	   affinity	   for	   divalent	   metals)	   [11].	   	   Similarly,	   Kempe	   et	   al.	  
polymerised	   N-­‐(4-­‐vinyl)-­‐benzyl	   iminodiacetic	   acid	   onto	   the	   surface	   of	  
methacrylate-­‐derivatised	   silica	   particles	   in	   the	   presence	   of	   a	   histidine-­‐bearing	  
protein	  and	  Cu(II)	  ions,	  using	  	  7:3	  v/v	  H2O:DMF	  as	  solvent	  [14].	  	  Control	  experiments	  
showed	  that	  the	  presence	  of	  both	  the	  template	  molecule	  (during	  the	  polymerisation	  
step)	  and	  the	  metal	  ions	  was	  essential	  for	  selective	  recognition	  of	  the	  target	  protein.	  	  
These	   and	   other	   examples	   of	   metal	   ion-­‐mediated	   molecular	   imprinting	   are	  
illustrated	  in	  Figure	  4-­‐1.	  	  	  
	  
A	  key	  factor	   in	  determining	  the	  affinity	  of	  a	  metal	   for	  a	  particular	   functional	  group	  
lies	   in	   Pearson's	   principle	  of	   hard	   and	   soft	   acids	   and	  bases	   (HSAB)	   [260].	   	   Pearson	  
classified	  nonpolarisable	   Lewis	   acids	   and	  bases	   (small	  with	  high	   charge	  density)	   as	  
"hard",	   and	   polarisable	   Lewis	   acids	   and	   bases	   (large	   with	   low	   charge	   density)	   as	  
"soft".	   	   Those	   with	   intermediate	   hard	   and	   soft	   character	   are	   classified	   as	  
"borderline".	  	  The	  HSAB	  principle	  predicts	  that	  hard	  acids	  prefer	  hard	  bases	  and	  soft	  
acids	   prefer	   soft	   bases.	   	   Since	   phosphate	   anions	   are	   classified	   as	   hard	   bases,	   it	  
follows	   that	   hard	   acids	   should	   be	   considered	   as	   suitable	   metal	   ions.	   Accordingly,	  
metal	   ions	   that	   have	   previously	   been	   reported	   as	   having	   affinity	   for	   phosphates	  
include	  (hard	  acids)	  Fe3+,	  Ga3+,	  Al3+,	  Zr4+and	  Zn2+	  (but	  other	  metal	  ions	  have	  also	  been	  
considered:	  Sc3+,	  Lu3+,	  Th3+,	  In3+,	  Ru3+,	  Y3+)[81].	  	  	  
	  
We	  were	  initially	  drawn	  to	  incorporate	  Ga3+	  into	  our	  2nd-­‐generation	  FIP;	  this	  was	  in	  
part	  due	  to	  a	  number	  of	  promising	  reports	  in	  the	  literature	  of	  phosphoselective	  Ga3+-­‐
mediated	   binding.	   	   For	   example,	   Blacken	   et	   al.	   have	   developed	   two	   ligands	   that	  
assist	   in	   the	   mass	   spectrometric	   identification	   and	   ionisation	   of	   phosphopeptides	  
from	  complex	  mixtures	   (Figure	   4-­‐2)	   [10,	  261].	   	  Asp-­‐IDA	   is	  based	  upon	  a	   tridentate	  
IDA	  core	  whilst	  LysNTA	   is	  based	  upon	  a	  tetradentate	  NTA	  core.	   	   In	  the	  presence	  of	  
Ga3+,	   the	   ligands	  selectively	   form	  coordination	  complexes	  with	  phosphopeptides	   in	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1:1	  v/v	  MeOH:AcOH	  [pH	  3-­‐4].	  	  These	  complexes	  can	  be	  observed	  via	  ESI-­‐MS,	  and	  the	  
presence	  of	   the	  primary	   amine	   facilitates	   ionisation	  of	   the	   complex	   in	  positive	   ion	  
mode	   (uncomplexed	   phosphopeptides	   typically	   ionise	   poorly)	   whilst	   the	   gallium	  
isotopic	  pattern	  aids	  in	  identification	  of	  the	  m/z	  of	  interest.	  	  The	  authors	  do	  concede	  
that,	   whilst	   complexation	   is	   selective	   for	   phosphopeptides,	   some	  
non-­‐phosphorylated	  peptides	  containing	  Asp	  or	  Glu	  are	  also	  bound.	  	  
	  
Rininsland	  et	  al.	  have	  developed	  a	  highly	  sensitive	  Ga3+-­‐mediated	  sensor	  for	  kinase/	  
phosphatase	   assays	   (Figure	   4-­‐3)	   [9].	   	   The	   sensor	   consists	   of	   a	   fluorescent	  
polyelectrolyte	   poly(p-­‐phenylene-­‐ethynylene)	   derivative	   absorbed	   onto	   positively	  
charged	  microspheres.	  	  Pendant	  carboxylate	  groups	  on	  the	  polymer	  chelate	  to	  Ga3+	  
ions	  (the	  metallation	  step	  does	  not	  quench	  polymer	  fluorescence)	  and	  the	  complex	  
then	  selectively	  binds	  to	  phosphorylated	  peptides	  and	  proteins.	   	  When	  these	  latter	  
peptides	   or	   proteins	   are	   labelled	   with	   a	   rhodamine-­‐based	   dye,	   Ga3+-­‐mediated	  
complexation	  to	  the	  sensor	  results	  in	  superquenching	  of	  the	  PPE	  derivative.	  	  In	  this	  






LysNTA	   AspIDA	  
Figure	  4-­‐2	  Ligands	  developed	  by	  Blacken	  et	  al.	  for	  Ga3+-­‐mediated	  affinity	  capture	  mass	  spectrometry	  of	  
phosphopeptides	  	  [10].	  
(68) (69) 
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As	   mentioned	   in	   Section	   1.5.1,	   Pro-­‐Q®	   Diamond	   is	   a	   phosphoselective	   resin	  
developed	   by	   Invitrogen™	   [1,	   102].	   	   The	   manufacturers	   have	   also	   developed	   a	  
phosphoselective	  polyacrylamide	  gel	  electrophoresis	  (PAGE)	  stain	  of	  the	  same	  name	  
[262].	   	  Whilst	   the	   structure	   of	   both	   the	   resin	   and	   dye	   are	   proprietary,	   the	   patent	  
indicates	   that	   they	   are	   based	   upon	   a	  Ga3+-­‐chelated	   BAPTA	  derivative,	   as	   in	  Figure	  
4-­‐5.	   	   The	   BAPTA	  motif	   is	  more	   commonly	   employed	   to	   detect	   Ca2+;	   however,	   the	  
Figure	   4-­‐3	   Polymeric	   Ga-­‐coordinated	   ligand	   developed	   by	   Rininsland	   et	   al.	   for	   the	   detection	   of	  
phosphorylated	   peptides	   and	   proteins	   [9].	   	   The	   authors	   did	   not	   suggest	   any	   particular	   complexation	  
stoichiometry	  or	  composition	  but,	  based	  on	  our	  general	  understanding	  of	  gallium	  complexes,	  it	   is	   likely	  
that	  hexacoordinate	  complexes	  are	  formed	  involving:	  one	  or	  more	  pendant	  carboxylated	  groups;	  one	  or	  
more	  phosphorylated	  species;	  and	  water	  molecules.	  	  
(70)	  
Figure	  4-­‐4	  [left]	  IMAC	  octahedral	  metal(III)-­‐NTA-­‐water	  complex;	  [right]	  	  IMAC	  octahedral	  metal(III)-­‐IDA-­‐water	  
complex	  (structures	  proposed	  by	  Holmes	  and	  Schiller	  [12]).	  
Support	  matrix	  =agarose	  or	  sepharose	  bead	  or	  similar.	  Metal	  =	  Fe3+	  or	  Ga3+	  
(71) (72) 
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inventors	  point	  out	  that	  it	  will	  generally	  bind	  any	  metal	  cation	  when	  the	  appropriate	  
pH,	  solvent	  composition	  and	  ionic	  strength	  is	  used	  [1].	   	  Thus	  it	  was	  reported	  that	  a	  
series	  of	  trivalent	  metal	   ions	  (including,	  at	   least,	  Fe3+,	  Ga3+	  and	  Al3+)	  were	  screened	  
to	   establish	   their	   suitability	   for	   incorporation	   into	   an	   analogue	   of	   molecule	   73	  
(Figure	  4-­‐5).	  	  Ga3+	  resulted	  in	  the	  most	  phosphoselective	  fluorescence	  increase	  when	  
in	  the	  presence	  of	  a	  phosphoprotein	  [1].	  	  
Finally,	  as	  detailed	  in	  Section	  1.5.1,	  phosphoselective	  IMAC	  employs	  trivalent	  metal	  
ions,	  most	  typically	  Fe3+	  or	  Ga3+.	  	  Postulated	  complexation	  structures	  are	  illustrated	  
in	  Figure	  4-­‐4.	  	  Most	  reports	  in	  the	  literature	  are	  of	  Fe3+-­‐containing	  systems;	  however,	  
where	   Fe3+	   and	   Ga3+	   have	   been	   compared,	   the	   consensus	   opinion	   is	   that	   Ga3+	   is	  
preferable	   [81,	  263].	   	  For	  example,	  Posewitz	  and	  Tempst	  systematically	  screened	  a	  
total	  of	  14	  metal	  ions	  for	  use	  in	  microtip	  IMAC	  with	  an	  IDA-­‐modified	  resin	  [81].	  	  Of	  
these,	   only	   Fe3+,	   Ga3+	   and	   Zr4+	   showed	   an	   acceptable	   level	   of	   phosphopeptide	  
uptake,	  and	  bound	  phosphopeptides	  were	  released	  from	  only	  Fe3+	  and	  Ga3+	  with	  an	  
acceptable	   volume	   of	   eluent.	   	   Most	   importantly,	   greatest	   phosphoselectivity	   was	  
achieved	  using	  Ga3+	  rather	  than	  Fe3+.	  
	  
Gallium	   is	   a	   Group	   13	   metal	   with	   the	   electronic	   configuration	   4s24p1.	   	   The	   most	  
stable	  oxidation	  number	  is	  +3.	  	  Ga3+	  typically	  forms	  hexacoordinate	  complexes	  [264],	  
although	   Ga3+	   complexes	   of	   other	   coordination	   numbers	   are	   known	   [265].	   	   In	  
designing	   a	   suitable	   receptor	   for	   Ga3+-­‐mediated	   phosphoselective	   binding,	   the	  
following	  criteria	  must	  be	  satisfied:	  
Figure	   4-­‐5	   General	   structure	   of	   Pro-­‐Q®	   Diamond	  
phosphoprotein	  gel	  stain/	  enrichment	  resin	  [1].	  
R1	   =	   fluorescent	   group	   (e.g.	   a	   xanthene	   derivative)	   or	  
NH(CS)NH-­‐agarose;	  R2	  =	  F	  or	  H.	  
	  
(73) 
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1) The	   receptor	   should	   form	  a	   sufficiently	   strong	  complex	  with	  Ga3+	  under	  
aqueous	  conditions	  that	  are	  compatible	  with	  phosphopeptides.	  
2) The	   receptor	   should	   enable	   the	   chelated	   Ga3+	   to	   further	   bind	   to	  
phosphate	   groups,	   either	   because	   the	   metal	   centre	   is	   coordinatively	  
unsaturated	  or	  through	  the	  displacement	  of	  weakly-­‐bound	  counterions	  or	  
solvent	   molecules.	   	   Phosphate	   groups	   are	   either	   1-­‐	   or	   2-­‐coordinate,	  
depending	   on	   solution	   pH,	   and	   the	   receptor	   should	   therefore	  
accommodate	   this.	   	   In	   'typical'	   proteomics	   procedures	   (for	   MS),	  
phosphoproteins	  are	  stored	  between	  pH	  2-­‐8	  [266].	  
3) The	  receptor	  should	  contain	  a	  polymerisable	  appendage	  to	  enable	  it	  to	  be	  
incorporated	   into	   a	   polymer.	   	   Similarly,	   the	   receptor	   should	   be	  
compatible	  with	  the	  chosen	  polymerisation	  conditions.	  
	  
We	   decided	   to	   synthesise	   a	   polymerisable	  
Ga3+-­‐containing	   receptor	   based	   upon	   the	   core	  
structure	   of	   Pro-­‐Q®	   Diamond,	   which	  
incorporates	  two	  IDA-­‐like	  NO2	  donor	  sets.	  	  Since	  
limited	  detail	  is	  provided	  in	  the	  Pro-­‐Q®	  Diamond	  
patent	   or	   associated	   literature,	   we	   currently	  
know	   very	   little	   about	   the	   complexation	  
structure(s),	  such	  as	  whether	  the	  ether	  oxygens	  
also	   coordinate	   to	   Ga3+,	   what	   is	   the	  
stoichiometry	   of	   complexation	   with	   respect	   to	  
Ga3+	   ions	   and	   phosphorylated	   ligand,	   and	  
indeed	   whether	   more	   than	   one	  
thermodynamically	  stable	  complex	  exists	  in	  solution.	  	  However,	  we	  expect	  to	  be	  able	  
to	  carry	  out	  our	  own	  complexation	  studies	  upon	  synthesis	  of	  our	  receptor.	  
	  
Figure	   4-­‐6	   Proposed	   functional	  
monomer	  for	  the	  2nd-­‐generation	  FIP	  
X	  =	  polymerisable	  group,	  x	  =	  (as	  yet	  
unknown)	  stoichiometry	  of	  Ga(III)	  
coordination	  -­‐	  see	  main	  text.	  
	  
(74) 
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One	   of	   our	   main	   reasons	   for	   using	   molecular	   imprinting	   is	   that	   the	  
pre-­‐polymerisation	   step	   should	  enable	   the	  nascent	   receptor	   to	  pre-­‐organise	   in	   the	  
optimal	   geometry	  and	   stoichiometry	   for	  binding	   the	  desired	   target	  molecule.	   	  Our	  
proposed	  receptor	   is	   therefore	  essentially	  half	  of	  the	  BAPTA	  structure	  (Figure	  4-­‐6),	  
to	   best	   facilitate	   this	   pre-­‐organisation	   step.	   	   It	   was	   decided	   to	   investigate	  
complexation	   stoichiometry	   and	   structure	   prior	   to	   incorporation	   of	   the	  monomer	  
within	   a	   polymer.	   	   A	   list	   of	   some	   viable	   complexation	   structures	   is	   presented	   in	  
Figure	  4-­‐7.	  
Figure	   4-­‐7	   Suggested	  possible	   complexation	   structures	  of	  Ga(III)-­‐mediated	  phosphomonoester	   recognition	  
by	  ligand	  74,	  based	  on	  what	  is	  known	  about	  related	  structures	  in	  the	  literature.	  	  Upon	  designing	  ligand	  74,	  it	  
was	   not	   known	  which	   part	   of	   the	   ligand	   substructure	   (methoxy	   oxygen,	   imino	   nitrogen,	   acetate	   oxygens	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4.2	   Synthesis	  of	  Functional	  Monomer	  for	  2nd-­‐Generation	  FIP	  
 
We	   initially	  proposed	  a	  novel	   four-­‐step	   route	   to	  monomer	  74	   (Scheme	   4-­‐1).	   	   Thus	  
triflate	   formation	  of	  eugenol	  would	  precede	  amination	  with	  diethyliminodiacetate,	  
followed	  by	  bis-­‐saponification	  and	  finally	  complexation	  with	  Ga(III)	  to	  yield	  82.	  
The	   novel	   sulphonic	   acid	   ester	   was	   formed	   using	   generic	   conditions	   [267];	   thus	  
treatment	   of	   eugenol	   with	   anhydrous	   pyridine	   and	   triflic	   anhydride	   afforded	  
4-­‐allyl-­‐2-­‐methoxyphenyl	  triflate	  (79)	  in	  77%	  yield	  (Step	  1.1).	  	  With	  regard	  to	  step	  1.2,	  
we	   initially	   attempted	   an	   approach	   reported	   by	   Xu	   et	   al.,	   where	   aryl	   triflates	   can	  
purportedly	   be	   aminated	   under	  microwave	   irradiation	  without	   base	   or	   catalyst	  on	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condition	   that	   NMP	   is	   used	   as	   solvent	   [268].	   	   This	   is	   an	   attractive	   approach	   as	   it	  
circumvents	   the	   use	   of	   sensitive	   and	   expensive	   transition	   metal	   catalysts	   usually	  
required	  for	  C-­‐N	  coupling	  reactions.	   	  Whilst	  there	  is	  no	  literature	  precedent	  for	  the	  
synthesis	  of	  80,	  the	  authors	  report	  that,	  for	  example,	  aryl	  triflates	  can	  be	  aminated	  
in	  63%	  yield	  with	  dibutylamine	  in	  NMP	  using	  an	  open-­‐system	  microwave	  (50	  mL	  flask	  
fitted	  with	  condenser),	  heating	  at	  200-­‐204˚C	  for	  60	  min.	  	  The	  conversion	  proceeds	  in	  
much	   lower	   yields	   when	   DMSO	   or	   DMF	   are	   used	   as	   solvent,	   and	   with	   negligible	  
conversion	  when	  toluene,	  MeCN,	  EtOH	  or	  H2O	  are	  used.	  	  The	  authors	  postulate	  that	  
the	  coupling	  involves	  an	  SNAr	  process.	  
	  
Disappointingly,	  we	  were	  unable	   to	  aminate	  79	  with	  diethyliminodiacetate	   in	  NMP	  
using	  microwave	   irradiation.	   	   Since	  we	  were	  using	  a	   closed-­‐system	  microwave,	  we	  
initially	   reduced	   the	   heating	   time	   to	   5	  min,	   maintaining	   a	   temperature	   of	   240˚C	  
(conversion	   taken	   from	   [269]).	   	   TLC	  analysis	  of	   the	   reaction	  mixture	   indicated	   that	  
only	   starting	  materials	   were	   present	   after	   this	   time,	   so	   we	   increased	   the	   heating	  
time	  to	  30	  min	  and	  the	  temperature	  to	  250˚C.	  	  The	  resulting	  dark	  brown	  viscous	  oil	  
was	   subjected	   to	   a	  preliminary	  work-­‐up.	   	  MS	  and	   1H	  NMR	  analysis	   	   suggested	   the	  
presence	  of	  multiple	  components,	  none	  of	  which	  could	  be	  identified	  as	  the	  desired	  
product	  (no	  allyl	  resonances	  observed	  via	  1H	  NMR	  spectroscopy;	  m/z	  corresponding	  
to	  diethyliminodiacetate	  observed	  via	  GC-­‐MS;	  no	  m/z	  corresponding	   to	  eugenol	  or	  
desired	   product	   observed	   via	   EI-­‐MS	   or	   GC-­‐MS);	   it	   is	   likely	   that	   the	   solvent	   and/or	  
reagents	   had	   decomposed	   upon	   heating.	   	   We	   concluded	   that	   the	   conditions	  
employed	  by	  Xu	  et	  al.	  either	  do	  not	  work	  for	  this	  particular	  substrate,	  and/or	  cannot	  
readily	  be	  translated	  to	  a	  closed-­‐system	  microwave	  (greater	  pressure	  etc).	  
	  
Scheme	  4-­‐2	  General	  overview	  of	  the	  Buchwald-­‐Hartwig	  amination	  reaction	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We	  therefore	  attempted	  step	  1.2	  using	  palladium-­‐catalysed	  C-­‐N	  coupling	  conditions.	  	  
The	  Buchwald-­‐Hartwig	  amination	  describes	   the	  coupling	  between	  an	  aryl	  halide	  or	  
triflate	  and	  a	  primary	  or	  secondary	  amine	   in	  the	  presence	  of	  a	  base	  and	  palladium	  
catalyst	  (Scheme	  4-­‐2)	  [270,	  271].	  
	  
Whilst	  there	  is	  no	  literature	  precedence	  for	  the	  Pd-­‐catalysed	  amination	  of	  triflate	  79,	  
nor	   any	   reports	   of	   such	   reactions	   involving	   diethyliminodiacetate,	   we	   abstracted	  
generic	  conditions	  from	  publications	  by	  the	  Buchwald	  group	  [270].	  	  Thus	  we	  initially	  
employed	   the	   popular	   Pd(0)	   precursor,	   Pd2(dba)3,	   and	   used	   either	  
2-­‐(di-­‐tert-­‐butylphosphino)biphenyl	   or	   2-­‐(dicyclohexylphosphino)biphenyl	   as	   ligand	  
(Figure	   4-­‐8).	   	  These	  commercially-­‐available	  phosphine	   ligands,	  developed	  by	  Wolfe	  
et	  al.,	  have	  the	  advantage	  of	  being	  air-­‐stable	  and	  are	  said	  to	  be	  particularly	  suitable	  
for	   electron-­‐deficient	   aryl	   triflates,	   which	   would	   normally	   aminate	   with	   poor	  
conversion	  [270,	  272].	  	  The	  effectiveness	  of	  these	  ligands	  is	  believed	  to	  be	  due	  to	  a	  
combination	  of	  steric	  and	  electronic	  properties:	  the	  electron-­‐rich	  phosphine	  group	  is	  
expected	   to	   facilitate	   oxidative	   addition	   whilst	   the	   steric	   bulk	   is	   presumed	   to	  
accelerate	  the	  reductive	  elimination	  step.	   	  The	  π	  system	  of	  the	  o-­‐phenyl	   is	  thought	  
to	  be	  oriented	  such	  that	  it	  participates	  in	  an	  interaction	  with	  the	  unoccupied	  metal	  
d-­‐orbitals.	   	   We	   initially	   used	   NaOt-­‐Bu	   or	   K3PO4	   as	   base,	   with	   toluene	   as	   solvent:	  
studies	   have	   shown	   that	   non-­‐protic,	   apolar	   solvents	   for	   this	   type	   of	   reaction	   are	  
optimal	   for	   Buchwald	   conversions	   [273].	   	   The	   reaction	   was	   carried	   out	   using	  
microwave	  irradiation	  [274].	  
Figure	  4-­‐8	  Ligands	  used	  in	  the	  Buchwald-­‐Hartwig	  amination:	  (left)	  
2-­‐(di-­‐tert-­‐butylphosphino)biphenyl;	  (right)	  2-­‐(dicyclohexylphosphino)biphenyl	  
(83) (84) 
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Intriguingly,	   in	   each	   reaction	   we	   observed	   no	   conversion	   to	   the	   desired	   product,	  
whilst	  varying	  amounts	  of	  eugenol	  were	  present	   (Table	  4-­‐1).	   	   Indeed,	   the	  group	  of	  
Buchwald	  have	  reported	  that	  electron-­‐poor	  aryl	  triflates	  can	  undergo	  attack	  of	  tert-­‐
butoxide	  on	  sulphur,	   resulting	   in	  cleavage	  of	   the	  triflate	  back	  to	  the	  corresponding	  
phenoxide	  [275].	  	  The	  authors	  suggest	  using	  the	  weaker	  base,	  Cs2CO3,	  to	  obviate	  this	  
side-­‐reaction.	   	  However,	   in	  our	  experience	  this	  resulted	   in	  no	  conversion	  at	  all	   (i.e.	  
no	  amination	  nor	  triflate	  cleavage).	  	  Furthermore,	  we	  were	  somewhat	  disconcerted	  
by	  the	  heterogeneous	  nature	  of	  the	  reaction	  mixture:	  the	  base	  (be	  it	  NaOt-­‐Bu,	  K3PO4	  
or	   Cs2CO3)	   is	   not	   soluble	   in	   toluene	   and	  we	  were	   concerned	   that	   this	  may	   be	   the	  
reason	  for	  no	  reaction.	  	  Insolubility	  of	  the	  base	  is	  a	  recognised	  issue	  with	  Buchwald-­‐
Hartwig	   reactions.	   	  Meyers	   et	   al.	   recommend	   that	   the	   base	   be	   finely	   ground	   and	  
then	  dried	  in	  vacuo	  prior	  to	  use	  [276],	  which	  we	  did	  indeed	  do	  for	  each	  reaction.	  	  	  
	  
Table	   4-­‐1	   Reagents	   and	   conditions	   employed	   in	   attempted	   Buchwald-­‐Hartwig	   amination	   of	   79:	  
catalyst	   (1	  mol%	   Pd,	   0.004	  mmol);	   ligand	   (2	  mol%,	   0.016	  mmol);	   base	   (1.1	  -­‐5.0	  eq.,	   1.12	  mmol);	   79	  
(0.80	  mmol,	   237	  mg);	   diethyliminodiacetate	   (1.2	  eq.,	   0.96	  mmol,	   172	  µL);	   anhydrous,	   degassed	  
toluene	  (1.6	  mL).	  	  Reactions	  set	  up	  under	  nitrogen	  atmosphere	  and	  heated	  via	  microwave	  irradiation.	  	  
(83	  =	  2-­‐(di-­‐tert-­‐butylphosphino)biphenyl;	  84	  =	  2-­‐(dicyclohexylphosphino)biphenyl))	  {cont.	  overleaf}	  









Pd2(dba)3	   83	   NaOt-­‐Bu	  (1.1)	   10	  min	   150˚C	   yes
a	   yesa	  




Pd2(dba)3	   83	   K3PO4	  (1.1)	   20	  min	   150˚C	   yes
a	   noa	  
Pd2(dba)3	   84	   K3PO4	  (1.1)	   20	  min	   150˚C	   yes
a	   noa	  
Pd2(dba)3	   83	   K3PO4	  (5.0)	   20	  min	   150˚C	   yes
a	   yesa	  







Pd2(dba)3	   83	   Cs2CO3	  (5.0)	   20	  min	   150˚C	   yes
a	   noa	  
Pd2(dba)3	   84	   Cs2CO3	  (5.0)	   20	  min	   150˚C	   yes
a	   noa	  
Pd(OAc)2	   (±)BINAP	   Cs2CO3	  (1.5)	   20	  min	   150˚C	   yes
a	   yesa	  
Chapter	  4:	  Design	  and	  Synthesis	  of	  2nd-­‐Generation	  Functional	  Monomer	  
Sally	  L.	  Ewen-­‐Al-­‐Kashi	  	  	  	  	  	  	  PhD	  Thesis	  
	  
138	  
a	   identified	   by	   TLC	   analysis	   of	   reaction	   mixture;	   b	  identified	   by	   TLC	   and	   1H,	   31P	   NMR	   analysis	   of	  
(unweighed)	  fractions	  isolated	  after	  flash	  chromatography;	  c	  identified	  by	  TLC,	  GC-­‐MS	  and	  1H,	  31P,	  19F	  
NMR	  analysis	  of	   fractions	   isolated	  after	   flash	  chromatography	   (values	   in	  parentheses	  correspond	  to	  
gravimetric	  yield).	  
	  
They	  also	  suggest	  that	  a	   large	  excess	  (5.0	  eq.)	  of	  base	  be	  used,	  since	   it	   is	  apparent	  
that	   an	   interphase	  mechanism	   operates.	   	   However,	   we	   observed	   no	   difference	   in	  
reaction	  outcome	  upon	  increasing	  the	  molar	  equivalent	  of	  base	  from	  1.1	  to	  5.0.	  	  We	  
also	   tried	   using	   an	   alternative	   catalyst	   and	   ligand	   combination,	   (Pd(OAc)2	   and	  
(±)BINAP,	  in	  accordance	  with	  Ahman	  et	  al.	  [275].	  	  However,	  again	  we	  observed	  the	  
presence	  of	  eugenol	  in	  addition	  to	  unreacted	  79.	  
	  
Due	  to	  our	  lack	  of	  success	  with	  aminating	  allylbenzene,	  we	  conceived	  an	  alternative	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route	  to	  monomer	  74.	  	  For	  ease	  of	  synthesis,	  a	  vinyl	  appendage	  was	  included	  rather	  
than	   an	   allyl.	   	   Thus	   o-­‐anisidine	   would	   undergo	   bis-­‐alkylation	   with	  
ethylbromoacetate,	  followed	  by	  Vilsmeier	  formylation	  and	  subsequent	  conversion	  of	  
the	  formyl	  to	  a	  vinyl	  functionality	  via	  Wittig	  olefination.	  	  Saponification	  of	  the	  ethyl	  
esters	   would	   yield	   an	   iminobisacetate	   moiety	   ready	   for	   complexation	   with	   Ga3+	  
(Scheme	  4-­‐3).	  
	  
The	  procedure	  employed	  for	  step	  2.1	  was	  adapted	  from	  Meng	  et	  al.,	  which	  describes	  
the	  bis-­‐alkylation	  of	  aniline	  with	  ethylbromoacetate,	  using	  K2HPO4	  and	  KI	  [277].	  	  We	  
observed	   that,	   for	   the	   duration	   of	   the	   reaction,	   the	   inorganics	   remained	   largely	  
insoluble	   in	   the	   solvent	   used	   (MeCN).	   	   The	   authors	   do	   not	   comment	   on	   this	   and	  
indeed	  we	  found	  that	  the	  reaction	  did	  proceed	  (albeit	  with	  a	  lower	  yield	  -­‐	  56%	  -­‐	  than	  
that	   of	   the	   analogous	   reaction	   of	   Meng	   et	   al.	   (96%)),	   affording	   the	   desired	  
2-­‐methoxyaniline-­‐N,N'-­‐diacetate	  ethyl	  ester	  (85)	  in	  56%	  yield.	  
	  
Step	  2.2	  was	  carried	  out	  using	  standard	  Vilsmeier	  formylation	  conditions	  (POCl3	  and	  
DMF),	  to	  afford	  the	  2-­‐methoxyaniline-­‐4-­‐formyl-­‐N,N'-­‐diacetate	  ethyl	  ester	  (86)	  in	  93%	  
yield.	  	  The	  procedure	  was	  adapted	  from	  Bacci	  et	  al.,	  which	  describes	  formylation	  of	  
the	   methyl	   ester	   analogue	   of	   86	   [278].	   	   Step	   2.3	   then	   proceeded	   using	   standard	  
Wittig	  olefination	  conditions	  [279],	  affording	  87	  in	  73%	  yield.	  
	  
The	   saponification	   step,	   which	   was	   expected	   to	   proceed	   with	   relative	   ease,	   was	  
initially	   attempted	   by	   stirring	   87	   in	   10%	   KOH	   (aq)	   and	   ethanol	   under	   reflux	  
conditions	   (adapted	   from	  Detty	  et	  al.	  which	  describes	   saponification	  of	   the	  aniline	  
derivative	   [280]).	   	  TLC	  analysis	  of	   the	  reaction	  mixture	  confirmed	  disappearance	  of	  
87	  and	  appearance	  of	  material	  of	  greater	  polarity,	   indicating	   that	   the	  reaction	  had	  
gone	  to	  completion.	  	  Furthermore,	  lyophilisation	  and	  subsequent	  1H	  NMR	  analysis	  of	  
the	   crude	   reaction	   mixture	   confirmed	   that	   the	   reaction	   had	   proceeded	   cleanly.	  	  
However,	   we	   were	   unable	   to	   isolate	   the	   product	   via	   numerous	   attempts	   at	  
precipitation	  with	  a	  range	  of	  solvents	  (acetone,	  diethyl	  ether,	  MeOH).	  	  We	  therefore	  
proceeded	   to	   lower	   the	   pH	   of	   the	   reaction	  mixture	   to	   the	   isoelectric	   point	   of	   the	  
molecule,	  using	  1M	  HCl,	  in	  order	  to	  isolate	  the	  bis-­‐acid	  via	  extraction	  into	  an	  organic	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phase.	   	  At	  pH	  2-­‐3	  a	  hard	  orange	  solid	  was	  obtained;	  this	  was	   insoluble	   in	  standard	  
NMR	   solvents	   (10	   min	   sonication	   in	   either	   D2O,	   DMSO-­‐d6,	   CDCl3,	   DMF-­‐d7	   or	  
MeOD-­‐d3)	   and,	   on	   this	   basis,	  was	   suspected	   to	  be	   a	   polymer.	   	  We	  are	   aware	   that	  
Morris	  et	  al.	  have	  also	  experienced	  problems	  with	  inadvertent	  polymerisation	  at	  pH	  
3-­‐5	  of	  styrene	  derivatives	  including	  N-­‐(vinylbenzylimino)-­‐diacetic	  acid	  	  [281].	  
	  
It	   was	   therefore	   decided	   to	   repeat	   the	   saponification	   step,	   this	   time	   using	   a	  
stoichiometric	   equivalent	   of	   KOH.	   	   TLC	   analysis	   of	   the	   reaction	  mixture	   confirmed	  
the	   presence	   of	   both	   mono-­‐saponified	   product	   and	   the	   desired	   bis-­‐saponified	  
species	  as	  well	  as	  residual	  starting	  material.	   	  Residual	  starting	  material	  was	  washed	  
out	  using	  diethyl	  ether,	  and	  the	  remaining	  aqueous	  phase	  was	  lyophilised,	  weighed	  
and	   then	   analysed	   by	   1H	   NMR	   spectroscopy,	   which	   indicated	   that	   the	   desired	  
product	  and	  the	  mono-­‐saponified	  species	  were	  present	  in	  the	  molar	  ratio	  1.00	  :	  0.07.	  	  
From	  this,	  gravimetric	  amounts	  of	  the	  two	  compounds	  present	  was	  calculated,	  and	  
the	   mixture	   re-­‐dissolved	   in	   H2O/EtOH	   with	   the	   appropriate	   amount	   of	   additional	  
KOH.	   	  Subsequent	  TLC	  and	   1H	  NMR	  analysis	  of	   the	   reaction	  mixture	  confirmed	  the	  
sole	   presence	   of	   the	   desired	   product	   (83%	   yield,	   >99%	   pure	   by	   1H	   NMR).	   	   The	  
reaction	  mixture	  was	  therefore	  lyophilised	  and	  carried	  through	  to	  the	  next	  step.	  
	  
4.3	   Pre-­‐polymerisation	  complexation	  experiments	  
 
Having	   synthesised	   the	   desired	   monomer,	   we	   proceeded	   to	   carry	   out	   a	   series	   of	  
complexation	   experiments	   to	   study	   the	   interaction	   of	   both	   [xFM88	  +	  yGa3+]	   and	  
[xFM88	  +	  yGa3+	  +	  z(phosphorylated	  molecule)]	  in	  solution.	  	  	  	  
	  
The	   main	   objectives	   of	   such	   experiments	   were:	   to	   validate	   whether	   ligand	   FM88	  
complexes	   with	   Ga3+	   and	   also	   with	   a	   phosphorylated	   molecule	   (via	   Ga3+-­‐
coordination);	   and	   to	   determine	   the	   complexation	   stoichiometry	   and	   which	  
molecular	   substructures	   interact	   (since	   a	   number	   of	   different	   hypothetical	  
complexation	  species	  are	  considered	  plausible	  (Figure	  4-­‐6).	  	  This	  was	  both	  to	  further	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our	  understanding	  of	  the	  system	  and	  to	  establish	  what	  protocols	  to	  use	  for	  polymer	  
synthesis.	  
	  
4.3.1	  	   Job's	  Plot	  of	  FM88	  and	  Ga3+	  
 
To	  determine	  the	  stoichiometry	  between	  a	  complex	  composed	  of	  FM88	  and	  Ga3+,	  a	  
series	  of	  samples	  in	  D2O	  was	  prepared	  in	  accordance	  with	  the	  Continuous	  Variation	  
method	   (Table	   4-­‐4;	   method	   overview	   provided	   in	   Section	   2.3.1).	   	   FM88	   in	   D2O	  
afforded	   a	   clear	   solution	   [pH	   6-­‐7]	   (measured	   using	   universal	   indicator	   paper).	  	  
However,	  upon	  addition	  of	  GaCl3	   to	  solutions	  of	  FM88	   (preparation	  of	  samples	  2-­‐8	  
for	  Job’s	  plot),	  a	  cloudy	  suspension	  was	  observed.	  	  While	  samples	  2	  and	  8	  could	  be	  
homogenised	   with	   1.5	  h	   sonication,	   samples	   4-­‐7	   remained	   as	   turbid	   mixtures.	  	  
Because	   the	  pH	  of	   solutions	  4-­‐7	  was	  determined	   to	  be	  between	  3-­‐4,	  we	   reasoned	  
that	   this	   fine	  precipitate	  was	  unlikely	   to	  be	  a	  gallium	  hydroxide	   species,	  which	  are	  
generally	   known	   to	   form	   at	   pH	   7	   and	   above	   [15].	   	   Following	   this,	   and	   taking	   into	  
account	   the	   observation	   that	   the	   samples	  with	   the	   FM88:Ga3+	   ratio	   closest	   to	   1:1	  
were	   the	   most	   turbid,	   we	   suggest	   that	   [xFM88	   +	   yGa3+]	   complex(es)	   are	   poorly	  
soluble	   in	   D2O	   (or	   H2O)	   in	   the	   concentrations	   used	   in	   this	   experiment	   (24.4	  mM).	  	  
Further	   evidence	   for	   this	   explanation	   is	   that,	   in	   a	   subsequent	   experiment	   (Section	  
5.5),	  where	  [xFM88	  +	  yGa3+]	  was	  incorporated	  into	  a	  polymer,	  the	  [xFM88	  +	  yGa3+]	  
complex	  was	  only	  soluble	   in	  aqueous	  solutions	  of	  20.0	  mM	  when	  a	  relatively	   large	  
volume	   (240	   eq)	   of	   bis(acrylamide)-­‐based	  monomer	   is	   present,	   which	   presumably	  
acts	  as	  a	  co-­‐solvent.	  
	  
DMSO-­‐d6	   was	   subsequently	   added	   as	   a	   co-­‐solvent	   to	   each	   sample	   in	   the	   present	  
experiment	   (affording	   final	   sample	   concentrations	   of	   20	  mM)	   to	   aid	   solubility:	   this	  
solvent	  was	  chosen	  because	  it	  is	  a	  water-­‐miscible	  polar	  solvent	  and	  is	  also	  unlikely	  to	  
compete	  for	  complexation	  to	  either	  species.	  	  Whilst	  samples	  3-­‐7	  were	  still	  observed	  
to	  be	  slightly	  cloudy,	  all	  samples	  were	  submitted	  for	  1H	  NMR	  spectroscopic	  analysis.	  	  
The	  spectrum	  corresponding	  to	  sample	  4	  was	  deemed	  to	  be	  too	  noisy	  and	  therefore	  
discarded.	  
Chapter	  4:	  Design	  and	  Synthesis	  of	  2nd-­‐Generation	  Functional	  Monomer	  





mole	  fraction	  FM88	  
(mmol)	  





1	   1.00	  (0.040)	   0.00	  (0.000)	   6-­‐7	   Clear	  solution	  
2	   0.80	  (0.032)	   0.20	  (0.008)	   Not	  recorded	   Clear	  solution	  
3	   0.70	  (0.028)	   0.30	  (0.012)	   4-­‐5	   Cloudy	  
4	   0.60	  (0.024)	   0.40	  (0.016)	   3-­‐4	   Cloudy	  
5	   0.55	  (0.022)	   0.45	  (0.018)	   3-­‐4	   Cloudy	  
6	   0.50	  (0.020)	   0.50	  (0.020)	   3-­‐4	   Cloudy	  
7	   0.40	  (0.016)	   0.60	  (0.024)	   3-­‐4	   Cloudy	  
8	   0.20	  (0.008)	   0.80	  (0.032)	   3	   Clear	  solution	  
9	   0.00	  (0.000)	   1.00	  (0.040)	   2-­‐3	   Clear	  solution	  
Table	   4-­‐2	   Sample	   compositions	   for	  NMR-­‐based	   Job's	   Plot	   analysis	   of	  FM88	   and	  Ga3+.	   	  Ga3+	   =	  GaCl3	  
stock	  solution	  in	  D2O,	  where	  Ga	  concentration	  was	  confirmed	  by	  ICP.	  	  Total	  volume	  solvent	  (D2O)	  in	  
each	  sample	  =	  820	  µL.	  	  DMSO-­‐d6	  (180	  µL)	  subsequently	  added	  to	  each	  sample	  as	  co-­‐solvent	  (see	  main	  
text).	   	   Solution	  pH	  measured	  using	  universal	   indicator	  paper.	   	   Samples	  2-­‐8	   subjected	   to	  up	   to	  1.5h	  
sonication	  to	  solubilise.	  
Figure	   4-­‐9	   Expansion	   of	   1H	   NMR	   spectra	   of	   samples	   1-­‐3	   and	   5-­‐8.	   	   Solvent:	   D2O	  :	  DMSO-­‐d6	   v/v	   4.6:1.0	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Looking	   first	   at	   resonances	   assigned	   to	   the	  CH2	   and	  CH3	   protons,	   sample	   1	   (FM88	  
only)	   gives	   a	   single	   broad	   peak	   at	   approximately	   3.7	  ppm,	   corresponding	   to	   the	  
methoxy	  group	  and	  two	  sets	  of	  methylene	  protons	  (Figure	  4-­‐9).	  	  In	  the	  presence	  of	  
Ga3+	   (sample	   2,	   FM88	  :	  Ga3+	   0.80:0.20),	   this	   singlet	   is	   replaced	   by	   two	   broad	  
resonances	  (probably	  unresolved	  multiplets)	  at	  approximately	  3.8	  and	  3.9	  ppm	  that	  
integrate	  for	  3.00	  and	  4.00	  protons	  respectively.	  	  It	  is	  likely	  that	  these	  correspond	  to	  
the	   CH3	   and	   CH2	   groups,	   and	   the	   change	   in	   chemical	   shift	   relative	   to	   sample	   1	   is	  
indicative	  of	  either	  complexation	  to	  the	  metal	  centre	  or	  a	  change	  in	  sample	  pH	  (the	  











Figure	   4-­‐10:	   Expansion	   of	   COSY	   NMR	   spectrum	   of	   sample	   6.	   	   Cross-­‐coupling	   indicates	  
non-­‐equivalency	  of	  protons	  H	  and	  H'.	  	  Solvent:	  D2O	  :	  DMSO-­‐d6	  v/v	  4.6:1.0	  (chemical	  shifts	  calibrated	  
to	  HDO	  =	  4.79	  ppm).	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Ga3+	   (sample	  5,	  FM88	  :	  Ga3+	  0.55:0.45),	   the	   signals	   in	   this	   region	  are	   replaced	  by	  a	  
broad	  multiplet	  which,	   in	  subsequent	  samples	   (5-­‐8),	  can	  more	  clearly	  be	  described	  
as	   a	  broad	   singlet	   (approximately	   4.0	  ppm)	   that	   integrates	   for	   3	  protons,	   plus	   two	  
broad	  multiplets	  (approximately	  4.2	  and	  3.9	  ppm)	  that	  each	  integrate	  for	  2	  protons.	  	  
The	   singlet	   is	   therefore	   ascribed	   to	   the	   CH3	   protons	  whilst	   the	   two	  multiplets	   are	  
collectively	   assigned	   to	   the	   CH2	   protons.	   	   COSY	   analysis	   of	   sample	   8	   (Figure	   4-­‐10)	  
shows	   cross-­‐peaks	   between	   the	   two	   sets	   of	   multiplets,	   indicating	   that	   they	   arise	  
from	   inequivalence	  of	   the	   two	  protons	   in	   each	  CH2	   group.	   	   Furthermore,	   coupling	  
constants	  of	  the	  more	  prominent	  peaks	  within	  each	  of	  these	  multiplets	  is	  within	  the	  
range	  typical	  of	  geminal	  coupling	  (2JHH	  =	  16	  Hz).	  	  Such	  magnetic	  inequivalency	  would	  
occur	   if	   the	   imino	   nitrogen	   were	   involved	   in	   complexation	   to	   the	   methylene	   CH2	  
proton	   environments	   (Figure	   4-­‐11).	   	   The	   methyl	   protons	   undergo	   a	   change	   in	  
chemical	   shift	   throughout	   the	   series	   of	   samples	   (Figure	   4-­‐9)	   (maximum	  Δδ	   =	   0.17	  
ppm:	  i.e.	  the	  difference	  in	  methyl	  chemical	  shift	  betweens	  samples	  1	  and	  5).	  	  Whilst	  
this	  δΔcould	   be	   taken	   as	   evidence	   	   of	   complexation	   to	   the	  metal	   centre,	   it	   is	   not	  
unequivocal	  proof	  that	  the	  methoxy	  group	  directly	  coordinates	  to	  the	  metal	  centre.	  	  
For	   example,	   other	   protons	   (e.g.	   the	   aromatic	  
protons,	   vide	   infra)	   also	   undergo	   a	   change	   in	  
chemical	   shift	   upon	   addition	   of	   Ga(III);	   yet	   it	   is	  
highly	   unlikely	   that	   these	   protons	   directly	  
coordinate	   to	   the	   metal	   centre	   (based	   on	   our	  
knowledge	   of	   the	   type	   of	   substructures	   that	   do	  
form	   metal	   complexes),	   and	   instead	   these	  
protons	   undergo	   a	   δΔ 	   due	   simply	   to	   their	  
proximity	   to	   the	   atoms	   that	   do	   coordinate	  with	  
Ga(III).	   	   Further	   means	   of	   determining	   whether	  
the	   methoxy	   group	   coordinates	   to	   the	   metal	  
would	  include	  13C	  NMR	  spectroscopic	  data	  (which	  
we	  were	  unfortunately	  unable	  to	  obtain	  for	  this	  set	  of	  samples	  -­‐	  see	  Section	  4.3.1.1)	  
and,	  as	  an	  objective	  for	  future	  work,	  X-­‐ray	  crystallography.	  
	  
Figure	  4-­‐11	  Pictorial	  representation	  of	  
the	   two	   sets	   of	   magnetically	  
inequivalent	   protons	   in	   each	   CH2	  
group	  upon	  complexation	   of	  FM88	   to	  
Ga3+.	   	   This	   suggests	   that	   the	   imino	  
nitrogen	  is	  involved	  in	  complexation.	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Looking	   next	   at	   the	   resonances	   assigned	   to	   vinyl	   protons	   (Figure	   4-­‐12),	   it	   is	  
Figure	   4-­‐12	   Expansion	   of	   1H	   NMR	   spectra	   of	   samples	   1-­‐3	   and	   5-­‐8.	   	   Solvent:	   D2O	  :	  DMSO-­‐d6	   v/v	   4.6:1.0	  
(chemical	  shifts	  calibrated	  to	  HDO	  =	  4.79	  ppm)..	  	  See	  also	  Table	  4-­‐3	  for	  integration	  and	  chemical	  shift	  values.	  
FM88:Ga	  	  
molar	  ratio	  
	  	  	  	  	  	  1	  1.00	  :	  0.00	  
	  	  	  	  	  	  2	  0.80	  :	  0.20	  
	  	  	  	  	  	  3	  0.70	  :	  0.30	  
	  	  	  	  	  	  5	  0.55	  :	  0.45	  
	  	  	  	  	  	  6	  0.50	  :	  0.50	  
	  	  	  	  	  	  7	  0.40	  :	  0.60	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interesting	  to	  note	  that,	  in	  the	  presence	  of	  Ga3+,	  the	  vinyl	  signals	  each	  split	  into	  two	  	  
Figure	   4-­‐13	   Expansion	  of	   1H	  NMR	  spectra	   of	   samples	   1-­‐3	   and	   5-­‐8.	   	   Solvent:	  D2O	  :	  DMSO-­‐d6	   v/v	  4.6:1.0	  




	  	  	  	  	  	  1	  1.00	  :	  0.00	  
	  	  	  	  	  	  2	  0.80	  :	  0.20	  
	  	  	  	  	  	  3	  0.70	  :	  0.30	  
	  	  	  	  	  	  5	  0.55	  :	  0.45	  
	  	  	  	  	  	  6	  0.50	  :	  0.50	  
	  	  	  	  	  	  7	  0.40	  :	  0.60	  













































Chapter	  4:	  Design	  and	  Synthesis	  of	  2nd-­‐Generation	  Functional	  Monomer	  




































	   	   	  













	   	   	  

























































































































































































































































































































































































































































































Table	  4-­‐3:	  Chemical	  shift	  and	  integration	  data	  corresponding	  to	  Figures	  4-­‐12	  and	  4-­‐13	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Looking	   next	   at	   the	   resonances	   assigned	   to	   vinyl	   protons	   (Figure	   4-­‐12),	   it	   is	  
interesting	  to	  note	  that,	  in	  the	  presence	  of	  Ga3+,	  the	  vinyl	  signals	  each	  split	  into	  two	  
sets	  of	  peaks.	   	   The	   intensity	  of	   this	   second	   set	  of	  peaks	   is	   greatest	   in	   samples	  3-­‐6	  
(major	  :	  minor	   vinyl	   signal	   integration	   ratios:	   sample	   3	   =	   70	  :	  30;	   samples	   5-­‐6	   =	  
80	  :	  20).	  	  It	  suggests	  that	  there	  are	  at	  least	  two	  FM88	  environments,	  as	  would	  be	  the	  
case	  if	  a	  subset	  of	  the	  FM88	  is	  involved	  in	  complexation	  or	  if	  different	  complexation	  
stoichiometries	  or	  geometries	  coexist.	  	  	  	  
	  
Finally,	  all	  three	  of	  the	  aromatic	  protons	  (Figure	  4-­‐13)	  undergo	  an	  upfield	  change	  in	  
chemical	  shift	   in	  the	  presence	  of	  Ga3+:	   this	   is	   to	  be	  expected	   if	   the	   imino	  N	  and/or	  
the	  methoxy	  O	  form	  coordinate	  bonds	  with	  Ga(III),	  since	  the	  heteroatom(s)	  would	  be	  
essentially	   donating	   electrons	   to	   the	   metal	   centre,	   away	   from	   the	   aromatic	   ring.	  	  
Again,	  this	  is	  evidence	  that	  FM88	  complexes	  Ga3+.	  	  
	  
To	   conclude,	   these	   results	   provide	   evidence	   that	   FM88	   and	   Ga3+	   complex	   under	  
these	  conditions,	  as	  was	  the	  intention.	  	  The	  complex(es)	  involve(s)	  at	  least	  the	  imino	  
nitrogen,	   and	   presumably	   also	   the	   pendant	   acetate	   groups,	   We	   cannot	   state	  
whether	  or	  not	  the	  methoxy	  moiety	  is	  directly	  involved	  in	  complexation	  to	  the	  metal	  
centre	  
	  
To	  determine	   the	  predominant	   stoichiometry	  of	   complexation	  between	  FM88	   and	  
Ga3+	  under	  these	  conditions,	  Job's	  plots	  were	  constructed	  (Figure	  4-­‐14)	  using	  δΔ 	  of	  
the	  methylene	  resonances	  and	  also	  those	  corresponding	  to	  aromatic	  proton	  d,	  since	  
these	   two	  signals	   could	  be	  assigned	  with	  greatest	   certainty	   in	  each	  of	   the	   spectra.	  	  
The	   general	   peak	   shape	   in	   both	   cases	   is	   roughly	   parabolic,	   with	   a	   maximum	   at	  
approximately	   0.55	  mole	   fraction	   FM88.	   	   Since	   this	   value	   is	   between	   0.50	   (which	  
would	   indicate	  1	  :	  1	  FM88	  :	  Ga3+	  stoichiometry	  or	  eqivalent)	  and	  0.66	  (which	  would	  
indicate	   2	  :	  1	   FM88	  :	  Ga3+	   stoichiometry	   or	   equivalent),	   it	   might	   indicate	   that	   a	  
mixture	  of	  1:1	  and	  2:1	  stoichiometries	  coexists	  in	  solution.	  	  
 
Chapter	  4:	  Design	  and	  Synthesis	  of	  2nd-­‐Generation	  Functional	  Monomer	  







Figure	  4-­‐14	  Job's	  plots	  constructed	  from	  1H	  δΔ 	  of	  (top)	  aromatic	  proton	  d	  and	  
(bottom)	   OCH3	   protons	   of	   ligand	   FM88	   in	   the	   presence	   of	   increasing	   mole	  
fractions	  of	  Ga3+.	  	  Solvent	  =	  D2O	  :	  DMSO-­‐d6	  v/v	  4.6:1.0.	  
methoxy protons 
Chapter	  4:	  Design	  and	  Synthesis	  of	  2nd-­‐Generation	  Functional	  Monomer	  
Sally	  L.	  Ewen-­‐Al-­‐Kashi	  	  	  	  	  	  	  PhD	  Thesis	  
	  
150	  
4.3.1.1	   	   Attempts	  at	  13C	  NMR	  analysis	  of	  samples	  1-­‐8	  	  
 
Samples	  1-­‐8	  were	  also	  submitted	  for	  13C	  NMR	  spectroscopic	  analysis;	  however,	  due	  
to	  the	  turbidity	  of	  some	  of	  the	  samples	  (as	  well	  as	  the	  low	  concentrations),	  only	  the	  
13C	  NMR	  spectrum	  corresponding	  to	  sample	  1	  (FM88:Ga	  molar	  ratio	  1.00:0.00)	  was	  
considered	  useful	  (signal	  strength	  too	  weak	  in	  all	  other	  samples).	  
	  
4.3.2	  	   Further	  Complexation	  Studies	  Between	  FM88	  and	  
	   	   Ga3+,	  Using	  IDA	  as	  a	  Substitute	  for	  FM88	  
Figure	  4-­‐15	  Examples	  of	  Ga(III)	  complexes	  reported	   in	  the	  literature,	  where	  the	  complex	  is	  formed	  in	  
acidic	  solutions:	  (left)	  [Ga(HDOTA)Cl•5.5H2O]	  prepared	  in	  NH4OAc	  [pH	  5.0]	  [13];	  (right)	  [Ga((5-­‐nitro-­‐2-­‐
hydroxybenzyl)iminodiacetate)NO3•2H2O]	  prepared	  at	  pH	  3-­‐4	  (NaOH/HNO3)	  [15].	  	  
(89) (90) 
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We	   were	   keen	   to	   prepare	   our	   [xFM88	  +	  yGa3+	  +	  z(template	  molecule)]	  
pre-­‐polymerisation	   complex	   in	   a	   pH	   2-­‐5	   buffered	   solution	   (and	   ultimately	   use	   the	  
resultant	  FIPs	  within	  this	  pH	  range),	  since	  we	  are	  aware	  that	  this	   is	  the	  optimal	  pH	  
range	   for	   the	   formation	   of	   stable	   Ga3+	   complexes	   [13,	   265].	   	   For	   example,	   the	  
complexes	  depicted	  in	  Figure	  4-­‐15	  were	  prepared	  at	  pH	  5.0	  (left)	  and	  pH	  3-­‐4	  (right);	  
Pro-­‐Q	   Diamond	   (Section	   4.1)	   is	   reportedly	   used	   in	   a	   pH	   4.0	   acetate	   buffer	   to	  
extract	   phosphopeptides	   [1];	   and	   standard	   Ga-­‐IMAC	   protocols	   enrich	   for	  
phosphopeptides	  in	  AcOH	  pH	  3-­‐4	  [81].	  	  Moreoever,	  the	  pH	  range	  3-­‐5	  is	  conveniently	  
compatible	   with	   experimental	   protocols	   typically	   employed	   in	   proteomics	  
laboratories	   [266].	   	   Interestingly,	   the	   majority	   of	   Ga3+	   complexes	   reported	   in	   the	  
literature	   employ	   AcOH	   or	   an	   acetate	   buffer	   [1,	   10,	   13,	   81].	   	   We	   were	   mildly	  
concerned	  that	  such	  a	  buffer	  would	  inhibit	  complexation	  of	  our	  (acetate-­‐containing)	  
ligand,	   FM88,	   and	   we	   therefore	   proceeded	   to	   carry	   out	   preliminary	   analysis	   of	  
complex	  formation	  in	  acetate	  solution.	  
	  
We	   initially	   attempted	   to	   prepare	  mixtures	   of	   FM88	   and	   Ga3+	   in	   500	  mM	   sodium	  
acetate-­‐d4	   [pD	   4.4],	   for	   characterisation	   by	   NMR	   spectroscopy.	   	   However,	   in	   this	  
solvent,	   the	   resulting	   [xFM88	  +	  yGa3+]	   complex	   was	   even	   less	   soluble	   than	   in	  
D2O/DMSO-­‐d6,	   and	   only	   afforded	   homogeneous	   solutions	   in	   concentrations	  
evidently	  too	  low	  for	  NMR	  analysis	  (<3	  mM).	  	  This	  was	  also	  the	  case	  when	  1.0	  eq.	  of	  
a	  phosphorylated	  molecule	  (phenyl	  phosphate,	  2-­‐aminoethyl	  dihydrogen	  phosphate	  
or	   disodium	   inosine	   5'-­‐monophosphate)	  was	   added	   to	   a	   1:1	  mixture	   of	  FM88	   and	  
Ga3+	  in	  500	  mM	  sodium	  acetate-­‐d4	  [pD	  4.4].	  
	  
It	   was	   therefore	   decided	   to	   use	   IDA	   as	   a	   substitute	   for	   FM88	   in	   NMR-­‐based	  
complexation	   experiments.	   	   This	   would	   allow	   one	   to	   determine	   whether	   500	  mM	  
sodium	  acetate-­‐d4	  [pD	  4.4]	  does	  indeed	  inhibit	  complex	  formation,	  either	  to	  Ga3+	  or	  
to	   Ga3+	   and	   a	   phosphorylated	   molecule.	   	   As	   far	   as	   we	   are	   aware,	   there	   is	   no	  
literature	  precedence	   for	  any	  such	  experiments	   involving	   IDA/	   IDA	  derivatives	  with	  
Ga3+	   or	   IDA/	   IDA	   derivatives	   with	   Ga3+	   and	   a	   phosphorylated	   species	   i.e.	   this	   is	   a	  
novel	  experiment	  which	  should	  be	  of	  interest	  to	  those	  studying	  IDA	  complexation.	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Briefly,	   samples	   were	   prepared	   so	   that	   the	   molar	  
amount	   of	   IDA	   and	   the	   total	   volume	   of	   solvent	  
remained	   constant	   while	   the	   molar	   amount	   of	   Ga3+	  
and	   the	  phosphorylated	   species	  was	  varied.	   	   Sodium	  
inosine	  monophosphate	  (Figure	  4-­‐16)	  was	  selected	  as	  
the	   phosphorylated	   species	   since	   it	   is	   water-­‐soluble	  
and,	   with	   the	   exception	   of	   the	   phosphate	   group,	  
contains	   no	   anionic	   functionalities	   under	   the	   chosen	  
experimental	  conditions.	  	  The	  samples,	  which	  were	  homogeneous	  solutions10,	  were	  
characterised	   by	   multinuclear	   NMR	   spectroscopy.	   	   Appropriate	   internal	   standards	  
were	  used,	  in	  order	  to	  calibrate	  chemical	  shifts.	  
	  
Sample	  ID	  
Molar	  ratio	  NaIDA	  	  	  	  	  	  	  	  	  	  	  	  	  
(µmol)	  
Molar	  ratio	  Ga(III)	  	  	  	  	  	  	  	  	  
(µmol)	  
Molar	  ratio	  Na	  inosine	  
monophosphate	  	  	  	  	  	  	  	  	  	  	  	  
(µmol)	  
1	   1	  (15.0)	   0	  (0.0)	   0	  (0.0)	  
2	   1	  (15.0)	   1	  (15.0)	   0	  (0.0)	  
3	   1	  (15.0)	   0.5	  (7.5)	   0	  (0.0)	  
4	   1	  (15.0)	   2	  (30.0)	   0	  (0.0)	  
5	   0	  (0.0)	   0	  (0.0)	   1	  (15.0)	  
6	   1	  (15.0)	   1	  (15.0)	   1	  (15.0)	  
7	   1	  (15.0)	   0.5	  (7.5)	   0.5	  (7.5)	  
8	   1	  (15.0)	   1	  (15.0)	   2	  (30.0)	  
Table	   4-­‐4	   Amounts	   of	   sodium	   iminodiacetate,	   Ga(III)	   and	   sodium	   inosine	   monophosphate	   in	  
complexation	  experiment.	  	  Solvent	  =	  500	  mM	  sodium	  acetate-­‐d4	  [pD	  4.4]	  (500	  µL).	  	  
	  
                                                
10	  Samples	  6-­‐9	  required	  brief	  sonication	  (<1	  min)	  to	  yield	  a	  clear	  solution.	  	  All	  samples	  remained	  as	  a	  
clear	  solution	  for	  at	  least	  96	  h.	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4.3.2.1	   Analysis	  of	  samples	  1-­‐4	  
	  
Analysis	  of	  Sample	  1	  (IDA	  only)	  
Looking	   first	   at	   the	   1H	  NMR	   spectrum	   of	   sample	   1	   (Figure	   4-­‐17,	   top),	   IDA	   gives	   a	  
sharp	  singlet	  at	  3.86	  ppm,	  corresponding	  to	  the	  two	  sets	  of	  magnetically	  equivalent	  
CH2	  protons.	   	   Similarly,	   the	   13C	  NMR	   spectrum	  contains	   a	   resonance	  at	   46.85	  ppm	  
corresponding	   to	   the	   two	  magnetically	  equivalent	  methylene	  carbons,	  and	  a	  signal	  
corresponding	  to	  the	  two	  magnetically	  equivalent	  carbonyl	  carbons	  at	  169.62	  ppm.	  	  
Resonances	   for	   the	   acetate	   buffer	   appear	   at	   18.88	   ppm	   (septet)	   and	   176.88	   ppm	  
(singlet)	  -­‐	  as	  determined	  from	  reference	  NMR	  of	  solvent	  only	  (Figure	  4-­‐18,	  top).	  	  	  
	  
Figure	  4-­‐17	  Expansion	  of	  1H	  NMR	  spectra	  of	  samples	  1-­‐4.	   	  Solvent:	  500	  mM	  sodium	  acetate-­‐d4	   [pD	  4.4].	  





1	  1.0	  :	  0.0	  :	  0.0	  
2	  1.0	  :	  1.0	  :	  0.0	  
3	  1.0	  :	  0.5	  :	  0.0	  
4	  1.0	  :	  2.0	  :	  0.0	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1	  1.0	  :	  0.0	  :	  0.0	  
2	  1.0	  :	  1.0	  :	  0.0	  
3	  2.0	  :	  1.0	  :	  0.0	  
4	  1.0	  :	  2.0	  :	  1.0	  
Figure	  4-­‐18	  Expansion	  of	  13C	  NMR	  spectra	  of	  samples	  1-­‐4.	  	  Solvent:	  500	  mM	  sodium	  acetate-­‐d4	  [pD	  4.4].	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1	  1.0	  :	  0.0	  :	  0.0	  
2	  1.0	  :	  1.0	  :	  0.0	  
4 1.0 : 2.0 : 1.0 
Figure	  4-­‐19	  Expansion	  of	  13C	  NMR	  spectra	  of	  samples	  1-­‐4.	  	  Solvent:	  500	  mM	  sodium	  acetate-­‐d4	  [pD	  4.4].	  	  Internal	  
standard	  =	  sealed	  capillary	  of	  toluene	  in	  CDCl3	  (δC	  =	  135.6	  ppm).	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Analysis	  of	  Sample	  2	  (IDA:Ga3+	  1:1)	  
	  
Upon	   addition	   of	   one	   equivalent	   of	   Ga3+	   to	   IDA,	   the	   IDA	   singlet	   in	   the	   1H	   NMR	  
spectrum	   is	   replaced	   by	   two	   multiplets	   that	  
integrate	   equally	   (Figure	   4-­‐17).	   	   These	   two	  
multiplets	   are	   shifted	   upfield	   and	   downfield	  
relative	  to	  the	  singlet	  of	  sample	  1	  by	  -­‐0.36	  and	  
+0.25	  ppm	   respectively.	   	   Such	   a	   change	   in	   the	  
IDA	   resonances	   in	   the	   presence	   of	   Ga3+	   is	  
evidence	  that	  IDA	  is	  forming	  a	  complex	  with	  the	  
metal	   ion.	   	   COSY	   analysis	   of	   sample	   2	   shows	  
cross-­‐peaks	  between	  the	  two	  sets	  of	  multiplets,	  
indicating	  that	  they	  arise	  from	  inequivalence	  of	  
the	   two	   protons	   in	   each	   CH2	   group	   (spectrum	  
not	   shown).	   	   This	   is	   supported	   by	   the	   (geminal)	   coupling	   constants	   of	   the	   main	  
doublet	  within	   the	  multiplets	   (2JHH	  =	  17.8	  Hz).	   	   Such	  magnetic	   inequivalency	  would	  
occur	   if	   the	   imino	   nitrogen	   were	   involved	   in	   complexation	   to	   the	   metal	   centre,	  
effectively	  resulting	   in	  two	  rigid	  CH2	  proton	  environments	  (Figure	  4-­‐20).	   	  This	   is,	  of	  
course,	  very	  like	  our	  observations	  of	  ligand	  FM88	  and	  Ga3+	  in	  D2O/DMSO-­‐d6,	  in	  terms	  
of	  both	  the	  magnitude	  of	  the	  coupling	  constant	  between	  geminal	  methylene	  protons	  
and	   the	  degree	  of	  change	   in	  chemical	   shifts.	   	   It	   is	  evidence	   that	   IDA	  does	  complex	  
with	  Ga3+,	  and	  that	  the	  complex	  involves	  the	  imino	  nitrogen;	  accordingly,	  it	  suggests	  
that	  acetate	  buffer	  would	  not	  hinder	  complexation	  of	  FM88	  to	  Ga3+.	  
	  Indeed,	   Kilyén	   et	   al.	   made	   similar	   observations	   with	   regard	   to	   complexation	  
between	   Al3+	   and	   IDA,	   at	   pH	   3	   [282]:	   two	   sets	   of	   doublets	   (2JHH	   =	   17.9	  Hz)	   are	  
observed	  in	  the	  1H	  NMR	  spectrum,	  one	  shifted	  upfield	  from	  the	  original	  IDA	  singlet	  
by	   -­‐0.43	   ppm,	   the	   other	   shifted	   downfield	   from	   the	   original	   IDA	   singlet	   by	   +0.19	  
ppm.	  
Finally,	  one	  would	  predict	  that	  the	  spin	  system	  illustrated	  in	  Figure	  4-­‐20	  would	  give	  
rise	   to	   two	   sets	   of	   doublets.	   	   That	   we	   instead	   see	   a	   more	   complex	   pattern	   of	  
Figure	  4-­‐20	  Pictorial	  representation	  of	  
the	   two	   sets	   of	   magnetically	  
inequivalent	   protons	   in	   each	   CH2	  
group	   upon	   complexation	   of	   IDA	   to	  
Ga3+.	   	   This	   suggests	   that	   the	   imino	  
nitrogen	  is	  involved	  in	  complexation.	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multiplets	  suggests	  perhaps	  that	  two	  or	  more	  species	  coexist	  (although	  one	  of	  these	  
appears	  to	  be	  predominant,	   looking	  at	  the	  relative	   intensities	  of	  the	  signals):	  these	  
coexisting	  complexes	  might	  include	  those	  with	  one	  or	  two	  IDA	  ligands	  to	  each	  metal	  
ion,	  hydroxocomplexes	  as	  well	  as	  those	  incorporating	  	  acetate	  anion(s).	  
The	   13C	   NMR	   spectrum	   of	   sample	   2	   (Figure	   4-­‐18)	   shows	   a	   single	   methylene	  
resonance	  at	  50.97	  ppm:	  this	   is	  a	  +4.12	  ppm	  downfield	  shift	  from	  the	  resonance	  of	  
sample	  1.	  	  This	  δΔ	  is	  in	  agreement	  with	  the	  corresponding	  1H	  NMR	  spectrum	  (Figure	  
4-­‐17),	   suggesting	   again	   that	   complexation	   at	   this	   molar	   ratio	   affords	   one	   major	  
complexed	  species.	  	  The	  septet	  corresponding	  to	  acetate	  buffer	  is	  shifted	  +0.34	  ppm	  
relative	  to	  sample	  1,	   to	  19.22	  ppm	  (relevant	  expansion	  not	  shown),	   indicating	  that	  
the	   solvent	   also	   complexes	   with	   Ga(III),	   as	   one	   would	   expect.	   	   The	   carbonyl	  
resonances,	  corresponding	  to	  IDA	  and	  acetate-­‐d4,	  are	  also	  shifted	  relative	  to	  sample	  
1	   (Figure	   4-­‐19),	   such	   that	   it	   is	   now	   not	   possible	   to	   distinguish	   these	   resonances.	  	  
However,	   where	   with	   sample	   1	   there	   were	   just	   two	   carbonyl	   resonances,	   one	  
corresponding	   to	  each	   species,	   there	  are	  now	   three	   resonances,	  at	  175.24,	  175.20	  
and	  173.92	  ppm.	   	  This	   in	   itself	  agrees	  with	  the	  1H	  NMR	  data	  of	   this	  sample,	  which	  
was	  concluded	  to	  correspond	  to	  two	  or	  more	  coexisting	  species	  (supra).	  	  OF	  course,	  
one	  would	  therefore	  also	  expect	  there	  to	  be	  at	  least	  two	  IDA	  methylene	  resonances	  
in	   this	   spectrum,	   rather	   than	   the	   single	   resonance	   observed;	   however,	   it	   is	   still	  
possible	  that	  this	  is	  the	  case,	  but	  that	  their	  chemical	  shifts	  overlap.	  	  
Samples	   2-­‐4	   (and	   6-­‐8)	   were	   also	   analysed	   by	   71Ga	   NMR.	   	   71Ga	   (39.8%	   natural	  
abundance)	  is	  a	  spin	  3/2	  nucleus	  and	  is	  particularly	  sensitive	  to	  the	  symmetry	  of	  its	  
local	  environment	   [283].	   	  Consequently,	   sharp	  resonances	  are	  only	  observed	  when	  
the	  metal	   centre	   is	   in	   a	   highly	   symmetrical	   environment.	   	   An	   aqueous	   solution	   of	  
GaCl3	   in	  D2O	  gave	  a	  sharp	  signal	  at	  0.15	  ppm.	  	  However,	  upon	  analysis	  of	  the	  same	  
sample	   in	  deuterated	  acetate	  buffer,	  no	  signal	   is	  observed	  (sweep	  width	  +500	  ppm	  
to	  -­‐500	  ppm,	  167,800	  scans);	  this	  indicates	  that	  the	  metal	  ion	  forms	  an	  asymmetric	  
complex	  with	  the	  buffer.	  	  As	  a	  consequence,	  we	  are	  unable	  to	  study	  the	  71Ga	  nucleus	  
in	  this	  particular	  design	  of	  experiment.	  	  As	  expected,	  no	  71Ga	  signals	  were	  observed	  
in	  any	  of	  the	  other	  Ga3+-­‐containing	  samples	  (which	  were	  also	  made	  up	  in	  acetate-­‐d4).	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Note	  that	   this	   is	  not	   to	  suggest	   that	  complexation	  cannot	  or	  should	  not	  be	  carried	  
out	   in	   acetate	   buffer:	   if	   Ga3+	   does	   complex	   with	   the	   solvent,	   the	   NMR	   evidence	  
presented	   in	   the	  preceding	  paragraphs	   allows	   that	   such	   a	   complex	   is	   displaced	  by	  
IDA	  (or	  FM88).	  
Analysis	  of	  Sample	  3	  (IDA:Ga3+	  2:1)	  
	  
Looking	  next	  at	  the	  1H	  NMR	  spectrum	  of	  sample	  3,	  (Figure	  4-­‐17),	  there	  are	  two	  sets	  
of	  multiplets	  of	  equal	  integration	  that	  are	  at	  approximately	  the	  same	  chemical	  shifts	  
as	  in	  sample	  2;	  again,	  we	  attribute	  this	  to	  complexation	  of	  IDA	  with	  Ga3+.	  	  A	  singlet	  of	  
relatively	  low	  intensity	  (0.03	  integration	  units	  relative	  to	  each	  of	  the	  aforementioned	  
multiplets)	   at	   3.87	  ppm	   indicates	   that	   some	   uncomplexed	   IDA	   is	   present	   at	   this	  
IDA:Ga3+	  ratio.	  	  	  
It	   is	   interesting	  to	  note	  that	  the	  splitting	  pattern	  of	   the	  two	  sets	  of	  multiplets	  now	  
clearly	   corresponds	   to	   three	   different	   sets	   of	   CH2	   environment:	   the	   multiplet	   at	  
approx.	   3.50	  ppm	   is	   composed	   of	   three	   doublets	   that	   have	   coupling	   constants	  
indicative	  of	  geminal	  coupling	  (2JHH	  =	  17.5	  Hz,	  18.0	  Hz,	  17.8	  Hz)	  whilst	   the	  multiplet	  
at	  4.11	  ppm	  is	  made	  up	  of	  at	  least	  two	  doublets	  (2JHH	  =	  17.5	  Hz,	  18.0	  Hz)	  with	  a	  third,	  
partially-­‐overlapping	   signal	   suggested	   by	   a	   hump	   in	   one	   of	   the	   more	   palpable	  
doublets.	   	  As	  with	  sample	  2,	  one	  must	  conclude	  that	  a	  number	  of	  species	  coexists.	  	  
However,	  in	  contrast	  to	  sample	  2,	  the	  relative	  intensities	  of	  the	  signals	  suggests	  that,	  
at	  this	  IDA	  :	  Ga3+	  molar	  ratio,	  no	  one	  complex	  is	  especially	  predominant.	  	  	  
	  
Looking	  next	  at	  the	  13C	  NMR	  spectrum	  of	  sample	  3	  (Figure	  4-­‐18),	  where	  in	  samples	  1	  
and	   2	   only	   one	   CH2	   resonance	  was	   observed,	   the	   13C	   NMR	   spectrum	   of	   sample	   3	  
contains	  two	  such	  resonances,	  at	  51.71	  and	  50.61	  ppm.	  	  We	  estimate	  that	  the	  50.61	  
ppm	   resonance	   corresponds	   to	   the	   same	  complex	  observed	   in	   sample	  2	   (cf.	   50.97	  
ppm),	  whilst	  the	  51.71	  ppm	  resonance	  is	  probably	  a	  further	  complexed	  species:	  for	  
example,	  with	  one	  or	  two	  IDA	  ligands	  to	  each	  metal	  ion,	  hydroxocomplexes	  as	  well	  
as	  those	   incorporating	   	  acetate	  anion(s).	   	  The	  carbonyl	  frequencies	   in	  the	  same	  13C	  
NMR	   spectrum	   (Figure	   4-­‐19),	  which	  would	   correspond	   to	   both	   complexed	   acetate	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buffer	   and	   complexed	   IDA,	   give	   three	   resonances,	   at	   175.57,	   174.27	   and	   174.13	  
ppm,	  again	  suggesting	  the	  presence	  of	  a	  number	  of	  coexisting	  complexes.	  	  	  
	  
Analysis	  of	  Sample	  4	  (IDA:Ga3+	  1:2)	  
The	  1H	  NMR	  spectrum	  of	  sample	  4	  (Figure	  4-­‐17)	  is	  very	  similar	  to	  that	  of	  sample	  2	  (as	  
one	  might	  predict,	  since	  in	  both	  samples	  1	  and	  3	  the	  Ga(III)	  ratio	  is	  either	  equal	  to	  or	  
greater	  than	  that	  of	  the	  IDA).	  	  Thus	  there	  is	  no	  non-­‐complexed	  IDA	  present,	  and	  the	  
two	  sets	  of	  CH2	  multiplets	  each	  contain	  a	  dominating	  doublet	  (2JHH	  =	  17.8	  Hz).	   	  This	  
suggests	   that	   there	   is	   one	   major	   complex	   present	   alongside	   one	   or	   more	   minor	  
species.	   	   Likewise,	   the	  methylene	   region	   of	   the	   13C	   NMR	   spectrum	   of	   sample	   4	   a	  
resonance	  at	  50.98	  ppm,	  the	  same	  as	  the	  13C	  NMR	  spectrum	  of	  sample	  2,	  whilst	  the	  
carbonyl	  region	  is	  also	  very	  similar	  to	  that	  of	  sample	  2:	  it	  contains	  a	  broad	  resonance	  
at	   175.17	   ppm	   (or	   two	   closely-­‐spaced	   resonances	   as	   in	   sample	   2)	   and	   a	   sharper	  
resonance	  at	  173.87	  ppm.	  
	  
Conclusions	  Regarding	  Samples	  1-­‐4	  
To	  briefly	  summarise,	  NMR	  analysis	  of	  samples	  1-­‐4	  indicates	  that	  IDA	  does	  complex	  
with	  Ga3+	   in	   acetate	   buffer,	   and	   it	   does	   so	   via	   involvement	   of	   the	   imino	   nitrogen.	  	  
From	  this,	  one	  can	  extrapolate	  and	  suggest	  that	   ligand	  FM88	  should	  therefore	  also	  
complex	   with	   Ga3+	   in	   the	   same	   buffer.	   	   One	   cannot	   conclusively	   determine	   the	  
identity	   of	   the	   various	   [xIDA	  +	  yGa3+]	   complexes	   formed	   in	   the	   above	   experiment,	  
especially	   since	   there	   is	   evidence	   that	   more	   than	   one	   species	   coexists.	   	   Further	  
experiments,	  including	  X-­‐ray	  crystallographic	  data,	  would	  be	  required	  to	  elucidate	  all	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4.3.2.2	   Analysis	  of	  Samples	  6-­‐8	  
	  
Looking	   first	   at	   the	   1H	   NMR	   spectrum	   of	   sample	   6	   (IDA	  :	  Ga3+	  :	  inosine	  
monophosphate	  molar	  ratio	  1:1:1)	  (Figure	  4-­‐21	   top),	  the	  CH2	  region	  shows	  a	  sharp	  
resonance	  at	  3.68	  ppm	  corresponding	  to	  non-­‐complexed	  IDA,	  as	  well	  as	  two	  sets	  of	  
broad	   multiplets	   at	   approximately	   4.07	   and	   3.33	  ppm	   which	   are	   assigned	   to	  
complexed	   IDA.	   	  The	  ratio	  of	  uncomplexed	   IDA	  to	  complexed	   IDA	   is	  approximately	  
1	  :	  50.	  	  It	  is	  interesting	  to	  note	  now	  that	  the	  signals	  corresponding	  to	  complexed	  IDA	  
are	  much	   broader	   than	   those	   observed	   in	   samples	   2-­‐4,	   where	   no	   phosphorylated	  
species	  were	  present.	  	  Broad	  peaks	  are	  evidence	  of	  complexation,	  and	  these	  results	  
indicate	  that	  the	  IDA	  is	  predominantly	  complexed	  with	  Ga3+	  and	  the	  phosphorylated	  
species	  under	   these	   conditions.	   	   Similar	   spectra	   are	  observed	   for	   samples	   7	   and	  8	  
(IDA	  :	  Ga3+	  :	  inosine	  monophosphate	  molar	   ratios	   2	  :	  1	  :	  1	   and	  1	  :	  1	  :	  2	   respectively).	  	  
Importantly,	   these	   results	   can	   be	   extrapolated	   to	   provide	   evidence	   that	  
[xFM88	  +	  yGa3+]	  does	  complex	  with	  inosine	  monophosphate	  in	  acetate	  buffer.	  
	  
Looking	  next	  to	  the	  31P	  NMR	  spectra	  (Figure	  4-­‐22),	  upon	  addition	  of	  IDA	  and	  Ga3+	  to	  
inosine	  monophosphate,	   new	   resonances	   appear	   in	   addition	   to	   the	   original	   signal	  
corresponding	   to	   free	   phosphorylated	   species.	   	   Thus	   sample	   6	   (IDA	  :	  Ga3+	  :	  inosine	  
monophosphate	  molar	   ratio	  1:1:1)	  contains	  a	   sharp	   resonance	  at	   -­‐0.61	  ppm	  which	  
corresponds	  to	  free	  inosine	  monophosphate,	  and	  two	  broad	  resonances	  at	  -­‐3.68	  and	  
-­‐7.46	  ppm	  corresponding	  to	  complexation	  with	  either	  Ga3+	  and/or	  [xIDA	  +	  yGa3+]	  via	  
the	   phosphate	   moiety.	   	   Similarly,	   samples	   7	   and	   8	   (IDA	  :	  Ga3+	  :	  inosine	  
monophosphate	   molar	   ratios	   2	  :	  1	  :	  1	   and	   1	  :	  1	  :	  2	   respectively)	   each	   contain	   the	  
original	  inosine	  monophosphate	  resonance	  at	  -­‐0.61	  ppm	  and	  a	  broad	  hump	  at	  -­‐7.50	  
ppm.	  	  
	  
Note	  that	  Yokoyama	  et	  al.	  observe	  31P	  δΔ 	  of	  similar	  magnitude	  and	  intensity	  upon	  
addition	   of	   Al/NTA	   to	   H2PO4-­‐	   at	   pH	   4.5	   (appearance	   of	   broad	   resonances	   upon	  
addition	  of	  Al/NTA	  to	  H2PO4-­‐,	  +5.6	  and	  +6.1	  ppm	  upfield	  of	  the	  original,	  sharp	  H2PO4-­‐	  
resonance)	  [284].	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To	  ascertain	  whether	  the	  broad	  hump(s)	  in	  Figure	  4-­‐22	  (samples	  6-­‐8)	  correspond(s)	  
to	   complexation	   of	   the	   phosphate	   group	  with	   either	   Ga3+	   and/or	   [xIDA	  +	  yGa3+],	   a	  
separate	   sample	   containing	   only	   Ga3+	   and	   inosine	   monophosphate	   in	   500	  mM	  
sodium	  acetate-­‐d4	  [pD	  4.4]	  was	  prepared.	  	  This	  resulted	  in	  an	  insoluble	  suspension.	  	  
Since	   samples	  6-­‐8	  are	   fully	   in	   solution,	  one	   can	   conclude	   that	   the	  broad	  humps	   in	  
(Figure	  4-­‐22,	  samples	  6-­‐8)	  correspond	  to	  complexation	  of	  the	  phosphate	  group	  with	  
[xIDA	  +	  yGa3+]	   rather	   than	   just	   with	   Ga3+,	   i.e.	   the	   results	   show	   that	   inosine	  
monophosphate	  does	  complex	  with	   [xIDA	  +	  yGa3+]	   in	  acetate	  buffer.	   	  Likewise,	  one	  
can	   extrapolate	   and	   assert	   that	   a	   phosphorylated	   species	   also	   complexes	   with	  






6	  1.0	  :	  1.0	  :	  1.0	  
7	  1.0	  :	  0.5	  :	  0.5	  
8	  1.0	  :	  1.0	  :	  2.0	  
Figure	  4-­‐21	  Expansion	  of	  1H	  NMR	  spectra	  of	  samples	  6-­‐8.	  	  Solvent:	  500	  mM	  sodium	  acetate-­‐d4	  [pD	  4.4].	  	  No	  
internal	  standard	  (HDO	  peak:	  δP	  =	  5.1	  ppm).	  
 
non-­‐complexed	  IDA	  (CH2)	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5	  0.0	  :	  0.0	  :	  1.0	  
6	  1.0	  :	  1.0	  :	  1.0	  
7	  2.0	  :	  1.0	  :	  1.0	  
8	  1.0	  :	  1.0	  :	  2.0	  
Figure	   4-­‐22	   Expansion	   of	   31P	   NMR	   spectra	   of	   samples	   5-­‐8.	   	   Broad	   peaks	   attributed	   to	   complexed	  
phosphorylated	  species	  are	  marked	  by	  asterisks.	  	  Solvent:	  500	  mM	  sodium	  acetate-­‐d4	  [pD	  4.4].	  	  Internal	  
standard:	  sealed	  capillary	  of	  triethylphosphite	  in	  CDCl3	  (δP	  =	  138.00	  ppm).	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4.3.2.3	   Conclusions 	  
 
To	   conclude,	   these	   experiments	   provide	   clear	   evidence	   that	   complexes	   of	  
[xIDA	  +	  yGa3+]	   and	   [xIDA	  +	  yGa3+	  +	  z(phosphorylated	  molecule)]	   do	   form	   in	   acetate	  
buffer.	   	   This	   result	   can	   be	   translated	   to	   ligand	   FM88,	   and	   provides	   promising	  
evidence	  that	  a	  complex	  of	  FM88,	  Ga3+	  and	  a	  phosphorylated	  template	  molecule	  can	  
be	   incorporated	   into	   a	   polymer	   in	   order	   to	   generate	   the	   2nd-­‐generation	   FIP.	  	  
However,	  previous	  experiments	  indicate	  that	  such	  complexes	  have	  poor	  solubility	  in	  
500	  mM	  acetate	  buffer	  at	  concentrations	  of	  (at	  least)	  20	  mM	  and	  above.	  	  Whilst	  this	  
could	   potentially	   mean	   practical	   problems	   when	   eventually	   incorporating	   the	  
complex	   into	   a	   polymer,	   it	   was	   decided	   to	   nonetheless	   carry	   through	   to	   polymer	  
preparation,	  as	   the	  choice	  of	   crosslinker	  may	  ultimately	  aid	   in	   solubilisation	  of	   the	  
complex.	  	  	  
	  
Whilst	   the	   stoichiometry	   of	   complexation	   has	   not	   conclusively	   been	   established	  
here,	  it	  was	  decided	  that	  there	  was	  sufficient	  evidence	  for	  complexation	  to	  prepare	  
a	   series	   of	   FIPs	   -­‐	   with	   different	   ligand,	   metal,	   template	   ratios	   -­‐	   and	   evaluate	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n	  synthesising	  our	  Ga3+-­‐containing	  FIP,	  we	  sought	  to	  carry	  out	  the	  polymerisation	  
step	  in	  water	  or	  acetate	  buffer	  [pH	  4.0].	  	  As	  first	  discussed	  in	  Section	  1.15,	  it	  has	  
been	   shown	   that	   binding	   site	   fidelity	   is	   best	   preserved	   when	   the	   same	   solvent	   is	  
used	   for	   both	   the	   imprinting/polymerisation	   step	   and	   subsequent	   analyte	   binding	  
steps	   [252],	   and	   it	   is	   ultimately	   intended	   that	   the	   phosphoselective	   FIP	   be	   used	  
aqueous	  media	  (compatible	  with	  peptides	  and	  proteins).	  
	  
Unfortunately,	  very	   few	  water-­‐soluble	  cross-­‐linkers	  have	  been	  demonstrated	   to	  be	  
suitable	   for	  molecular	   imprinting:	   indeed,	   this	   limitation	   is	   currently	   recognised	   as	  
one	  of	  the	  main	  challenges	  to	  this	  field	  of	  research	  [158].	  	  A	  number	  of	  groups	  have	  
used	  EGDMA	  as	  crosslinker	   (solubility	   in	  water:	  <0.1%	  at	  20˚C	   [285]),	  necessitating	  
the	  use	  of	  an	  organic	  co-­‐solvent	  alongside	  water.	  	  For	  example,	  Qu	  et	  al.	  used	  a	  9:1	  
v/v	  mixture	   of	  MeOH	  :	  H2O	   as	   porogen	  when	   imprinting	  with	   a	   Fe2+-­‐functionalised	  
monomer	  and	  EGDMA	  [286].	   	  The	  crosslinkers	  most	   frequently	  used	  for	   imprinting	  
exclusively	   in	   water	   are	   N,N'-­‐methylene-­‐bis-­‐acrylamide	   (MBA)	   and	  
N,N'-­‐ethylene-­‐bis-­‐acrylamide	   (EBA).	   	   However,	   the	   water-­‐solubility	   of	   these	  
crosslinkers	  is	  low	  (20	  mg/mL	  at	  20˚C	  [287])	  [158],	  whilst	  use	  of	  MBA	  for	  molecular	  
imprinting	   is	   further	   hindered	   by	   its	   tendency	   to	   cyclopolymerise	   [288],	   thereby	  
reducing	   the	   actual	   degree	   of	   crosslinking.	   	   This	   results	   in	   a	   polymer	   with	  
insufficiently	   low	   degree	   of	   crosslinking	   for	   stable	   SPE	   supports,	   as	   well	   as	   a	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tendency	   towards	  poorly	  defined	  recognition	  sites	  and	  poor	  mechanical	  properties	  
[202].	  	  
	  
Relatively	   recently,	   Kubo	   et	   al.	   proposed	   the	   use	   of	   the	   hydrophilic	   crosslinker	  
PEGDA	   (for	   chain	   length,	   refer	   to	   following	   discussion)	   (Figure	   5-­‐1)	   which	   is	  
completely	   soluble	   in	   water	   [289].	   	   An	   imprinted	   polymer	   was	   prepared	   using	   an	  
ionic	  template-­‐functional	  monomer	  complex	  with	  water	  as	  porogen,	  and	  subsequent	  
recognition	  experiments	  demonstrated	  an	   imprinting	  effect,	  with	  selectivity	  for	  the	  
template	   molecule	   (a	   benzyl	   ammonium	   derivative)	   over	   structurally	   related	  
substrates	  [289].	  	  	  
	  
We	  were	  interested	  in	  using	  PEGDA	  for	  our	  own	  
imprinted	   polymers.	   	  We	  were	   aware	   that	   only	  
one	   other	   research	   group	   has	   used	   PEGDA	   for	  
molecular	   imprinting	  [290];	   it	   is	  mentioned	  here	  
for	   the	  sake	  of	  completeness.	   	   In	   that	  particular	  
example,	   Mookda	   et	   al.	   compared	   a	   series	   of	  
nicotinamide-­‐imprinted	   polymers	   made	   using	  
MAA	   and	   one	   of	   four	   different	   crosslinkers	  
(EGDMA,	   DVB,	   PEGDA,	   TRIM),	   using	   chloroform	   as	   porogen	   [290].	   	   In	   rebinding	  
analyses	  in	  either	  MeCN	  or	  9:1	  v/v	  [0.01	  M	  phosphate	  buffer	  :	  EtOH],	  the	  MIP	  made	  
using	  PEGDA	  exhibited	  the	  least	  imprinting	  effect.	  	  The	  authors	  attributed	  this	  to	  the	  
average	   length	   of	   PEGDA,	   stating	   that	   its	   excessive	   flexibility	   impaired	   the	  
recognition	   performance	   of	   the	   corresponding	  MIP.	   	  Whilst	  we	   initially	   found	   this	  
discouraging,	   subsequent	   private	   communication	   with	   the	   authors	   indicated	   that	  
Mookda	  et	  al.	  had	  used	  PEGDA	  of	  greater	  average	  pEO	  chain	  length	  than	  that	  used	  
by	  Kubo	  et	  al.	  (Mookda	  et	  al.:	  Mn	  =	  700	  therefore	  average	  number	  of	  EO	  units	  =	  13;	  
Kubo	  et	   al.:MW	  =	   508	   therefore	   average	   number	   of	   EO	   units	   =	   9).	   	  We	   therefore	  




Figure	   5-­‐1	   Structure	   of	   PEGDA.	  	  	  	  	  	  	  	  
Refer	   to	   main	   text	   for	   value	   of	   n	  
(average	  number	  of	  EO	  units)	  
(91) 
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5.2	  Polymer	  Synthesis	  using	  PEGDA	  
 
 Three	  FIPs,	  two	  NIPs	  and	  a	  blank	  polymer	  were	  prepared	  in	  accordance	  with	  Table	  
5-­‐1.	  	  Glycerol	  phosphate	  [approx.	  50:50	  α:β]	  was	  selected	  to	  be	  the	  phosphorylated	  
template	  molecule	  since	  it	  is	  hydrophilic	  and	  its	  lack	  of	  structural	  complexity	  means	  
that	   it	   would	   serve	   as	   an	   effectively	   neutral	   handle	   for	   the	   phosphate	   functional	  
group.	  
	  
In	   pre-­‐polymerisation	   studies	   it	   was	   postulated	   that	   a	   mixture	   of	  
[xfm88	  +	  yGa3+	  +	  z(phosphorylated	  molecule)]	   complexes	   co-­‐exists	   in	   solution	  
(Section	  4.3).	  	  	  Since	  we	  did	  not	  know	  for	  certain	  which	  particular	  ratio	  of	  fm88,	  Ga3+	  
and	  phosphorylated	  template	  molecule	  would	  yield	  the	  most	  phosphoselective	  FIP,	  
we	  prepared	  a	  series	  of	  FIPs	  using	  what	  we	  considered	  to	  be	  likely	  ratios	  (Table	  5-­‐1,	  
	   Amount	  of	  each	  component	  (mmol,	  molar	  equivalents)	  
Polymer	  ID	   fm88	   Ga3+	   template	   PEGDA	   ABCV	  
FIP111(PEGDA)	   0.162,	  1.0	   0.162,	  1.0	   0.162,	  1.0	   3.564,	  22.0	   0.146	  
FIP211(PEGDA)	   0.324,	  2.0	   0.162,	  1.0	   0.162,	  1.0	   3.564,	  22.0	   0.149	  
FIP221(PEGDA)	   0.324,	  2.0	   0.324,	  2.0	   0.162,	  1.0	   3.564,	  22.0	   0.149	  
NIP110(PEGDA)	   0.162,	  1.0	   0.162,	  1.0	   0.00,	  0.0	   3.564,	  22.0	   0.146	  
NIP210(PEGDA)	   0.324,	  2.0	   0.162,	  1.0	   0.00,	  0.0	   3.564,	  22.0	   0.149	  
NFP(PEGDA)	   0.00,	  0.0	   0.00,	  0.0	   0.00,	  0.0	   3.564,	  22.0	   0.143	  
Table	  5-­‐1	  Compositions	  of	  FIPs	  and	  control	  polymers.	  	  General	  method:	  reagents	  added	  to	  soda	  glass	  vial	  in	  
the	   following	   order:	   H2O,	   fm88	   (from	   stock	   solution	   in	   H2O),	   Ga
3+	   (from	   stock	   solution	   in	   H2O),	   template	  
(where	  applicable,	   from	  stock	  solution	   in	  H2O),	  PEGDA.	   	  Reaction	  mixtures	  sonicated	  and	  degassed.	   	  ABCV	  
added,	   and	   reaction	  mixtures	   further	   sonicated	   and	   degassed.	   	   Screw-­‐cap	   lid	   fitted	   to	   vial	   under	   positive	  
flow	  of	  N2	  and	  vial	  heated	  at	  40˚C	  for	  23h.	  	  Polymer	  monoliths	  then	  dried	  to	  constant	  weight	  in	  vacuum	  oven	  	  
(50˚C),	   then	   ground	   to	   fine	   particles	   using	   pestle	   and	  mortar.	   	   Subsequently	   washed	   with	   distilled	   water	  
(100	  µL),	  and	  re-­‐dried	  to	  constant	  weight	  in	  vacuum	  oven	  (50˚C).	  
Volume	  H2O	  =	  equal	  to	  volume	  PEGDA	  used.	   	  Ga
3+	  =	  Ga(III)Cl3	   (852	  mM	  solution	   in	  H2O,	  as	  determined	  by	  
ICP).	   	  Template	  =	  glycerol	  phosphate	  (approx.	  50:	  50	  α	  :	  β).	   	  Amount	  of	  ABCV	  =	  2	  mol%	  to	  total	  amount	  of	  
polymerisable	  bonds.	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Figure	   4-­‐7).	   	   This	   was	   based	   on	   our	   understanding	   of	   known,	   related	   complexes	  
reported	  in	  the	  literature	  (Chapter	  4).	  
 
The	  physical	  appearance	  of	  the	  resulting	  polymer	  monoliths	  ranged	  from	  translucent	  
to	  opaque	  (Figures	  5-­‐2	  and	  5-­‐3).	   	  We	  noted	  that	  NIP110(PEGDA)	  was	  composed	  of	  
two	   differently	   coloured	   bands.	   	   However,	   we	   were	   reluctant	   to	   make	   any	  
qualitative	   judgements	   at	   that	   stage	   and	   all	   polymers	   were	   therefore	   dried	   to	  
constant	  weight,	  ground	  to	  a	  fine	  powder	  and	  then	  carried	  through	  to	  the	  template	  
removal	  step.	  
	  
Based	  on	  our	  knowledge	  of	  existing	  Ga3+-­‐mediated	  phosphoreceptors	  (Chapter	  4),	  it	  
was	  anticipated	  that	  phosphorylated	  molecules	  would	  be	  bound	  at	  pH	  3-­‐5	  whereas	  
displacement	   of	   the	   bound	   phosphorylated	   species	   would	   occur	   either	   under	  
strongly	  basic	  conditions	  (for	  example,	  Ba(OH)2	  [1]	  or	  NH4OH	  [291])	  or	  through	  the	  
use	   of	   excess	   of	   phosphate	   buffer	   or	   similar.	   	   Regarding	   the	   latter	   approach,	   we	  
envisioned	   that	   the	   polymeric	   binding	   sites	   would	   be	   rendered	   unavailable	   for	  
subsequent	   re-­‐binding	   if	   they	  were	   effectively	   occupied	   by	   phosphate	   buffer.	   	   For	  
that	   reason,	   we	   intended	   to	   use	   strongly	   basic	   conditions.	   	   However,	   a	   realistic	  
concern	  here	  was	  that	  a	  metal	  hydroxide	  such	  as	  Ba(OH)2	  may	  induce	  β-­‐elimination	  
of	  the	  template	  [94],	  which	  would	  complicate	  analysis.	   	  We	  therefore	  carried	  out	  a	  
brief	   31P	  NMR	  spectroscopic	  experiment	   in	  which	  phosphoglycerol	  was	   taken	  up	   in	  
NaOD	  (pD	  14.4)	  and	  studied	  over	  24	  h.	  No	  evidence	  of	  β-­‐elimination	  was	  observed	  
(31P	   signals	   corresponding	   to	   phosphoglycerol	   detected	   at	   approximately	  
4.0-­‐4.4	  ppm;	  no	  
Polymer	  ID	  
Expected	  weight	  of	  polymers	  prior	  
to	  template	  removal	  
Weight	  of	  ground	  polymer	  (percentage	  
of	  expected	  weight)	  
FIP111(PEGDA)	   1.9701	  g	   2.0037	  g	  (101.7)	  
FIP211(PEGDA)	   2.0029	  g	   2.1117	  g	  (105.4)	  
FIP221(PEGDA)	   2.0143	  g	   2.03697	  g	  (101.1)	  
NIP110(PEGDA)	   1.9188	  g	   1.9181	  g	  (100.0)	  
NIP210(PEGDA)	   1.9686	  g	   1.9871	  g	  (100.9)	  
NFP(PEGDA)	   1.8576	  g	   1.8414	  g	  (99.1)	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Figure	  5-­‐2	  Appearance	  of	  polymer	  monoliths	  prior	  to	  drying.	  	  FIP111(PEGDA)	  =	  semi-­‐opaque	  
yellow	   solid;	   FIP211(PEGDA)	   =	   homogenous	   translucent	   yellow	   solid;	   FIP221(PEGDA)	   =	  
opaque	  cream-­‐coloured	  solid;	  NIP110(PEGDA)	  =	  homogenous	  translucent	  yellow	  solid;	  dark	  
yellow	   translucent	   solid	   with	   thin	   band	   of	   dark	   orange-­‐colour	   on	   top;	   NIP210(PEGDA)	   =	  
homogenous	   translucent	   yellow	   solid;	   NFP(PEGDA)	   =	   colourless	   translucent	   solid.	   	   All	  
monoliths	  had	  a	  layer	  of	  approx.	  50	  µL	  colourless	  liquid	  on	  top,	  which	  was	  later	  determined	  











Figure	  5-­‐3	  Appearance	  of	  dried	  polymer	  monoliths	  (left	  to	  right:	  FIP111(PEGDA),	  FIP211	  
FIP111(PEGDA),	  FIP221	  FIP111(PEGDA),	  NIP110	  FIP111(PEGDA),	  NIP210	  FIP111(PEGDA),	  
NFP	  FIP111(PEGDA)).	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signals	  at	  0.0	  ppm,	  which	  would	  correspond	  to	  dephosphorylation).	  
	  
	  Each	  of	   the	  ground-­‐up	  polymers	  was	  suspended	   in	  saturated	  Ba(OH)2	   [pH	  14]	  and	  
gently	   agitated	   using	   a	   mechanical	   rocker	   at	   RT	   for	   20	  h.	   	   The	   solids	   were	   then	  
isolated	   via	   vacuum	   filtration	   and	  washed	  with	  H2O.	   	  Unexpectedly,	  we	   concluded	  
that	   every	   one	   of	   the	   polymers	   had	   undergone	   hydrolytic	   degradation	   by	   the	  
Ba(OH)2.	   	  Thus,	  following	  filtration,	  no	  solid	  was	  isolated	  from	  any	  of	  the	  polymers.	  	  
The	   aqueous	   filtrate	   from	   FIP211(PEGDA)	   (chosen	   arbitrarily	   as	   a	   representative	  
sample)	  was	  lyophilised	  and	  analysed	  by	  1H	  NMR	  spectroscopy.	  	  This	  confirmed	  the	  
presence	   of	   oligoethylene	   glycol	   signals	   (δH	   3.6-­‐3.7	  ppm),	   indicating	   that	   the	  
polymers	  had	  undergone	  inadvertent	  saponification	  by	  the	  Ba(OH)2.	  
	  
Whilst	  we	  were	  aware	  that	  this	  crosslinker	  does	  contain	  ester	  functionalities,	  we	  did	  
not	   expect	   that	   it	   would	   be	   so	   prone	   to	   hydrolytic	   degradation:	   after	   all,	   we	   had	  
previously	   used	   the	   structurally-­‐related	   pEGDMA	   in	   the	   presence	   of	   TFA	   with	   no	  
obvious	  break-­‐down	  of	  the	  polymer	  backbone	  (Chapters	  2	  and	  3).	  	  Moreover,	  other	  
research	  groups	  report	  the	  successful	  use	  of	  pEGDMA-­‐based	  MIPs	  with	  acidic	  (99%	  
AcOH	   [292];	  50	  mM	  HCl	   [293])	  or	   strongly	  basic	   conditions	   (NaOH,	  pH	  12.5	   [293]),	  
with	  no	  reports	  of	  significant	  levels	  of	  hydrolysis.	  
	  
To	   further	   confirm	   the	  hydrolytic	   instability	   of	   PEGDA,	   two	  additional	   experiments	  
were	   carried	   out.	   	   In	   the	   first,	   the	  monomer	   PEGDA	   [ADE	   400]	  was	   dissolved	   in	   a	  
mixture	   of	   D2O	   and	   NaOD	   [pD	   14.4]	   at	   RT,	   and	   analysed	   by	   1H	   and	   13C	   NMR	  
spectroscopy	   after	   24	  h.	   	   In	   comparison	  with	   a	   reference	   sample	   of	   acrylic	   acid	   in	  
D2O	   and	  NaOD,	   it	   is	   evident	   that	   the	  monomer	   is	   hydrolysed	  under	   strongly	   basic	  
conditions	   (appearance	  of	  characteristic	  methacrylic	  acid	  vinylic	  proton	  resonances	  
downfield	   from	   equivalent	   PEGDA	   resonances	   and	   appearance	   of	   corresponding	  
resonances	  in	  the	  13C	  NMR	  spectrum	  (Figure	  5-­‐4).	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Figure	  5-­‐4	  Expansions	  of	  (top)	  1H	  NMR	  spectra	  and	  (bottom)	  13C	  NMR	  spectra	  of:	  (A/A')	  PEGDA	  in	  D2O	  (no	  
NaOD);	   (B/B')	   PEGDA	   in	   NaOD/	   D2O	   (pD	   =	   14.4);	   (C/C')	   acrylic	   acid	   in	   NaOD/	   D2O	   (pD	   14.4).	   	   Samples	  
analysed	  approximately	  24	  h	  after	  preparation.	  	  Chemical	  shifts	  calibrated	  using	  sealed	  capillary	  of	  CHCl3	  
as	  internal	  standard	  (δH	  =	  7.26	  ppm;	  δC	  =	  77.16	  ppm).	  	  Blue	  boxes	  highlight	  undegraded	  PEGDA;	  remaining	  
signals	   in	  middle	   spectrum	  attributed	   to	   saponified	   PEGDA,	   in	   line	  with	   corresponding	   peaks	   in	   bottom	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In	   the	   second	   experiment,	   PEGDA	   [ADE	   400]	  was	   polymerised	   following	   the	   same	  
recipe	   used	   to	   prepare	   NFP(PEGDA),	   affording	   polymer	   NFP(PEGDA)-­‐2.	   	   The	  
resulting	  dried	  monolith	  was	  ground	  to	   fine	  particles,	  washed	  briefly	  with	  H2O	  and	  
re-­‐dried.	  	  Equal	  amounts	  of	  this	  polymer	  were	  then	  suspended	  in	  solutions	  of	  various	  
pH	  values	  within	   the	   range	  2.2	   to	  12	   (Table	   5-­‐2)	  and	  gently	   shaken	  at	  RT	   for	  65	  h.	  	  
After	   this	   time,	   the	   suspensions	   were	   filtered,	   washed	   through	   with	   H2O	   and	   the	  
filtrates	   lyophilised	  and	  analysed	  by	   1H	  NMR	   spectroscopy.	   	   The	   filtrate	   from	  each	  
solution	   showed	   varying	   degrees	   of	   polymer	   backbone	   degradation	   (Figure	   5-­‐5,	  
oligoethylene	  glycol	  resonances:	  δH	  3.6-­‐3.7	  ppm).	  	  1H	  NMR	  spectroscopic	  analysis	  of	  
the	   filtrates	  with	   a	   known	   volume	  of	  DMA	  as	   internal	   standard	   indicated	   that	   the	  
greatest	   degree	   of	   hydrolysis	   occurred	   at	   pH	   11-­‐12	   (Table	   3-­‐2);	   however,	  
poly(PEGDA)	  is	  apparently	  hydrolytically	  unstable	  at	  all	  pH	  values	  tested.	  	  Since	  it	  is	  
ultimately	   intended	   that	   our	   FIPs	   be	   re-­‐usable,	   one	   must	   conclude	   that	   this	  
particular	   crosslinker	   is	   unsuitable	   for	   the	   production	   of	   imprinted	   polymers	   that	  









Solution	  Composition	   Solution	  pH	   µmol	  pEG	  [n=9]	  in	  filtrate	  (%	  degradation)	  
8.8	  mM	  TFA	   2.2	   0.4	  (0.1%)	  
23.0	  mM	  NH4OH	   9.0	   0.4	  (0.1%)	  
10.0	  mM	  NH4OH	   10.0	   0.8	  (0.2%)	  
48.8	  mM	  NH4OH	   11.0	   3.7	  (0.7%)	  
603.3	  mM	  NH4OH	   12.0	   25.9	  (5.3%)	  
Table	  5-­‐2	  Experiment	  to	  determine	  hydrolytic	  stability	  of	  poly(PEGDA).	  Dried	  polymer	  NFP(PEGDA)-­‐2	  (5	  
×	  250	  mg	  )	  was	  suspended	  in	  the	  above	  solutions	  (10	  mL)	  with	  shaking	  (RT,	  65	  h).	  	  Polymers	  then	  isolated	  
via	  vacuum	  filtration,	  washed	  with	  H2O	  (50	  mL)	  and	  filtrates	  dried	  in	  vacuum	  oven	  (50-­‐60°C).	  	  Amout	  of	  
oligoethylene	  glycol	  in	  samples	  calculated	  using	  internal	  standard	  of	  known	  volume	  of	  anhydrous	  DMA.	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5.3	  Design	  and	  Synthesis	  of	  Hydrolytically	  Stable	  Crosslinkers	  
 
Since	  PEGDA	  proved	  to	  be	  unsuitable	   for	  use	   in	  our	  FIPs,	  we	  sought	  an	  alternative	  
crosslinker.	   	   To	   recapitulate,	   we	   required	   a	   water-­‐soluble	   (ideally	   completely	  
miscible),	   hydrophilic	   crosslinker	   that	   does	   not	   undergo	   base-­‐	   or	   acid-­‐mediated	  
hydrolysis	  following	  polymerisation.	  	  The	  resulting	  polymers	  should	  possess	  a	  certain	  
degree	  of	  mechanical	  stability	   in	  order	  to	  retain	  the	  structure	  of	   imprinted	  binding	  
sites	   and	   to	   be	   easily	   handled	  when	   employed	   as	   a	   solid-­‐phase	   receptor	   (perhaps	  
eventually	   packed	   into	   a	   chromatography	   column	   or	   similar).	   	   Accordingly,	   a	  
literature	   search	   revealed	   a	   series	   of	   hydrolytically	   stable	   bis(acrylamide)-­‐	   and	  
bis(methacrylamide)-­‐derivatives,	  promoted	  by	  Moszner	  et	  al.	   for	  use	   in	   restorative	  
dentistry	  [5]	  (Figure	  5-­‐6)	  but	  which	  have	  not	  been	  used	  for	  molecular	  imprinting	  as	  
far	   as	   we	   know.	   	   The	   authors	   report	   that,	   of	   the	  monomers	   studied	   (Figure	   5-­‐6),	  
tertiary	  amide	  derivatives	  were	  completely	  miscible	  with	  water	  whereas	  secondary	  
amides	   exhibited	  much	   reduced	  water	   solubility.	   	   Also,	   the	   acrylamide	   derivatives	  
were,	   as	   expected,	   more	   reactive	   to	   free-­‐radical	   polymerisation	   than	   the	  
corresponding	  methacrylamides.	   	   Furthermore,	   the	   hydrolytic	   stability	   of	   some	   of	  
the	   monomers	   was	   investigated	   by	   the	   authors	   using	   1H	   NMR	   spectroscopy:	  
Figure	  5-­‐5	  Expansions	  of	  1H	  NMR	  spectra	  of	  lyophilised	  filtrates	  of	  poly(PEGDA)	  pH	  stability	  test.	  	  Signals	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monomers	  were	  incubated	  in	  20	  wt%	  H3PO4	  (37˚C)	  for	  4	  months,	  after	  which	  time	  no	  
indication	  of	  hydrolytic	  degradation	  was	  observed.	  
	  
Based	   on	   this	   evidence,	   we	   decided	   to	   prepare	   two	   different	   bis(acrylamide)	  
monomers	   for	   use	   in	   our	   FIPs	   (Figure	   5-­‐7).	   	   Monomer	   DMBAP	   was	   reported	   by	  
Moszner	  et	  al.	  whereas	  DMBADOOM	   is	  a	  novel	  compound:	  we	  postulated	  that	  the	  
3,6-­‐dioxaoctamethylene	   spacer	   would	   result	   in	   improved	   hydrophilicity	   of	   the	  
resulting	   polymer	   backbone	   (this	   would	   come	   in	   useful	   should	   the	   DMBAP-­‐
containing	   pre-­‐polymerisation	   complex	   as	   a	   whole	   not	   be	   as	   water-­‐soluble	   as	  
required).	  
	  DMBAP	   was	   prepared	   according	   to	   the	   method	   of	   Moszner	   et	   al.,	   but	   with	   an	  
optimised	  work-­‐up	  (omitting	  the	  aqueous	  wash	  steps,	  which	  we	  found	  to	  reduce	  the	  
gravimetric	   yield,	  without	   negating	   purity	   (comparison	   of	   1H	  NMR	   spectra)).	   	   Thus	  
N,N'-­‐dimethyl-­‐1,3-­‐propanediamine	  was	   reacted	  with	  acryloyl	   chloride	   in	  anhydrous	  
Figure	  5-­‐7	  Bis(acrylamide)-­‐based	  crosslinkers	  chosen	  for	  incorporation	  in	  our	  second-­‐generation	  FIPs.	  	  
The	  acrylamide	  moiety	  was	  expected	   to	  possess	  much	  greater	  hydrolytic	   stability	   than	   the	  acrylate	  
esters	  used	  in	  Section	  5.3.	  
DMBAP	   DMBADOOM	  
Figure	  5-­‐6	  Bis(acrylamide)	  and	  bis(methacrylamide)	  monomers	  studied	  by	  Moszner	  et	  al.	  [5].	  	  	  
For	  the	  bis(acrylamides),	  R	  =	  CH3,	  C2H5	  or	  H.	  	  For	  the	  	  methacrylamides,	  R	  =	  H.	  	  	  
The	  spacer	  X	  includes	  various	  n-­‐alkyl	  linkers	  (typically	  CH2	  =	  2-­‐6)	  as	  well	  as	  branched	  alkyl.	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MeCN	   at	   -­‐10˚C	   to	   RT	   for	   74	   h.	   	   Our	   modified	   work-­‐up	   involved	   removal	   of	   the	  
precipitated	   amine•HCl	   salt	   via	   vacuum	   filtration,	   concentration	   in	   vacuo	   followed	  
by	   redissolution	   in	   acetone	   and	   chromatography	   through	   a	   short	   pad	   of	   silica	   gel.	  	  
The	   product	   fraction	   was	   concentrated	   under	   high	   vacuum	   to	   afford	   the	   desired	  
product	  as	  a	  colourless	  oil	  (91%).	  	  Characterisation	  by	  NMR	  spectroscopy	  and	  ESI-­‐MS	  
was	   in	   agreement	   with	   the	   expected	   structure	   and	   with	   the	   literature.	   	   Similarly,	  
crosslinker	   DMBADOOM	   was	   synthesised	   from	  
1,8-­‐bis(methylamino)-­‐3,6-­‐dioxaoctane,	   affording	   the	   desired	   product	   in	   95%	   yield.	  
We	   found	   these	   crosslinkers	   to	   have	   a	   high	   propensity	   to	   homopolymerise	   upon	  
standing,	  even	  when	  stored	  at	  0˚C;	  as	  a	  precaution,	  we	  stored	  the	  monomers	  under	  
air	  (rather	  than	  inert	  gas).	  
 
5.4	  Investigation	  into	  the	  use	  of	  Bis(Acrylamide)	  Crosslinkers	  
for	  our	  FIPs	  
 
Whilst	  we	  did	  expect	  the	  acrylamide-­‐based	  crosslinkers	  to	  possess	  greater	  hydrolytic	  
stability	  than	  the	  acrylate	  esters	  used	  in	  Section	  5.3,	  we	  nonetheless	  subjected	  them	  
to	  an	  NMR-­‐based	  assay	  to	  determine	  that	  there	  were	  sufficiently	  stable	  at	  high	  pH.	  	  
Thus,	  monomers	  DMBAP	  and	  DMBADOOM	  were	  each	  dissolved	  in	  a	  mixture	  of	  D2O	  
and	  NaOD	  [pD	  14.4]	  at	  RT,	  and	  analysed	  by	  1H	  and	  13C	  NMR	  spectroscopy	  after	  24	  h.	  	  
The	  resulting	  spectra	  were	   identical	   to	   those	  obtained	   immediately	  upon	  synthesis	  
of	  the	  monomers	  and	  did	  not	  show	  signs	  of	  any	  degradation.	  
	  
Next,	   we	   prepared	   homopolymers	   of	   each	   of	   the	   two	   crosslinkers,	   using	   H2O	   as	  
solvent	  (equal	  volume	  to	  that	  of	  crosslinker)	  and	  the	  water-­‐soluble	  ABCV	  as	  initiator.	  	  
For	   monomer	   DMBAP,	   the	   resulting	   monolithic	   polymer,	   pDMBAP(H2O),	   was	   a	  
semi-­‐translucent,	   off-­‐white	   solid,	   and	   was	   very	   firm	   to	   the	   touch.	   	   The	   polymer,	  
pDMBADOOM(H2O),	  resulting	  from	  monomer	  DMBADOOM	  was	  a	  semi-­‐translucent	  
peach-­‐coloured	   monolith,	   also	   very	   firm	   to	   the	   touch.	   	   This	   preliminary	   analysis	  
suggests	   that	   polymers	   pDMBAP(H2O)	   and	   pDMBADOOM(H2O)	   are	   of	   similar	  
hardness	  to	  the	  EGDMA-­‐based	  FIPs	  used	  in	  Chapter	  2,	  which	  in	  itself	  bodes	  well	  for 
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the	   novel	   use	   of	   these	   crosslinkers	   in	   molecular	   imprinting	   (of	   course,	   this	  
observation	  says	  nothing	  about	  how	  macroporous	  a	  polymer	  is,	  which	  is	  also	  key	  to	  
its	  use	   to	  molecular	   imprinting).	   	   The	  monoliths	  were	  dried	   in	  a	  vacuum	  oven	  and	  
manually	   ground	   to	   a	   fine	   powder	   using	   pestle	   and	  mortar.	   	   Both	   polymers	  were	  
washed	  with	  H2O	  and	  the	  filtrates	  lyophilised	  and	  analysed	  by	  1H	  NMR	  spectroscopy;	  
this	   showed	   no	   resonances	   corresponding	   to	  DMBAP	   or	  DMBADOOM,	   indicating	  
that	  the	  crosslinkers	  had	  been	  fully	  incorporated	  into	  the	  polymers.	  
	  
We	   also	   prepared	   a	   polymer	   using	  monomer	  DMBAP	   as	   above	   but	   with	   500	  mM	  
sodium	   acetate	   [pH	   4.0]	   as	   solvent,	   to	   determine	   whether	   these	   crosslinkers	   are	  
compatible	  with	  polymerisation	   in	  such	  a	  buffer.	   	  Rather	  promisingly,	   the	   resulting	  
polymer,	   pDMBAP(NaOAc),	   was	   quite	   comparable,	   in	   appearance,	   to	   polymer	  
pDMBAP(H2O),	  and	  1H	  NMR	  analysis	  of	  the	  wash	  fraction	  again	  suggested	  that	  the	  
crosslinker	  had	  been	  fully	  incorporated.	  
	  
The	  ground-­‐up	  polymers	  pDMBAP(H2O),	  pDMBADOOM(H2O)	  and	  pDMBAP(NaOAc)	  
were	  characterised	  by	  SEM,	  as	  a	  means	  of	  studying	  their	  morphology	  and	  porosity.	  	  
We	  were	  of	  course	  aware	  that	  a	  small	  handful	  of	  literature	  reports	  have	  shown	  that	  
macropores	   are	   only	   observable	   in	   imprinted	   polymers,	   not	   in	   non-­‐imprinted	  
controls	  [25,	  254].	  	  Furthermore,	  since	  polymers	  are	  micrographed	  in	  the	  dry	  state,	  
the	  degree	  of	  shrinkage	  upon	  drying	  is	  likely	  to	  reflect	  pore	  morphology	  (the	  greater	  
the	   shrinkage,	   the	   less	   evident	   the	   pores)	   [178].	   	   Accordingly,	   the	   surface	   of	  
polymers	   pDMBAP(H2O)	   and	   pDMBAP(NaOAc),	   polymerised	   in	   H2O	   and	   NaOAc	  
respectively,	   show	  a	   relatively	  uniform,	  smooth	  surface,	  devoid	  of	  any	  macropores	  
(Figure	   5-­‐8).	   	   Interestingly	   however,	   the	   surface	   of	   polymer	   pDMBADOOM(H2O),	  
which	  was	  prepared	  using	   the	  3,6-­‐dioxaoctane-­‐containing	  monomer	  DMBADOOM,	  
does	   show	   a	   rough	   morphology	   featuring	   irregular	   voids.	   	   This	   is	   comparable	   in	  
appearance	   to	   the	   surface	   of	   MIPs	   (but	   not	   NIPs)	   prepared	   using	   EGDMA	   as	  
crosslinker,	  as	  observed	  by	  ourselves	  and	  others	  [25,	  254].	  	  One	  may	  speculate	  that	  
this	   is	   because	   DMBADOOM	   is	   the	   more	   hydrophilic	   crosslinker	   and	   thus	   the	  
oligomerising	   polymer	   chain	   will	   stay	   in	   solution	   longer	   than	   the	   shorter,	   less	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hydrophilic	   crosslinker	   DMBAP,	   and	   therefore	   larger	   solvent	   clusters	   are	  
incorporated,	  leading	  to	  more	  macroporous	  surfaces.	  	  
	  
Out	   of	   curiosity,	   we	   also	   polymerised	   monomer	   DMBAP	   in	   various	   other	   polar	  
solvents/	   solvent	   mixtures	   (1:1	   v/v	   H2O	  :	  EtOH;	   1:1	   v/v	   H2O	  :	  NMP;	   EtOH),	   to	  
investigate	  their	  effect	  on	  polymer	  morphology.	  	  Monomer	  DMBAP	  was	  completely	  
soluble	   in	  all	   solvents	  used.	   	  The	  resulting	  SEM	   images	  show	  that,	  when	  either	  1:1	  
v/v	   H2O	  :	  EtOH	   or	   1:1	   v/v	   H2O	  :	  NMP	  was	   used	   as	   solvent,	   polymer	  morphology	   is	  
comparable	   to	   that	   obtained	   using	   either	   H2O	   or	   NaOAc	   as	   solvent	   (Figure	   5-­‐10).	  	  
However,	  when	  EtOH	   is	  used	  as	  solvent,	   the	  polymer	  surface	  appears	  uniform	  and	  
smooth	  but	  with	  very	  large	  (approximately	  5-­‐150	  µm	  in	  diameter),	  relatively	  shallow	  
cavities.	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Figure	   5-­‐8	   SEM	   images	   of	   (top)	   polymer	   pDMBAP(H2O),	   prepared	   from	  
polymerisation	  of	  monomer	  DMBAP	  in	  H2O	  and	  (bottom)	  polymer	  pDMBAP(NaOAc),	  
prepared	  from	  polymerisation	  of	  the	  same	  monomer	  in	  500	  mM	  NaOAc	  [pH	  4.0].	  	  No	  
pores	  are	  observed	  at	  this	  magnification.	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Figure	   5-­‐9	   SEM	   images	   of	   polymer	   pDMBADOOM(H2O),	   prepared	   from	  
polymerisation	  of	  monomer	  DMBADOOM	  in	  H2O.	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Figure	  5-­‐10	  SEM	  micrographs	  of	  surface	  of	  polymers	  prepared	  from	  polymerisation	  of	  monomer	  DMBAP	  
in:	  (top)	  1:1	  v/v	  H2O	  :	  EtOH;	  (middle)	  EtOH;	  (bottom)	  1:1	  v/v	  H2O	  :	  NMP.	  
Chapter	  5:	  Design	  and	  Synthesis	  of	  2nd-­‐Generation	  FIP	  
Sally	  L.	  Ewen-­‐Al-­‐Kashi	  	  	  	  	  	  	  PhD	  Thesis	  
	  
180	  
5.5	  Pre-­‐Polymerisation	  Solubility	  Studies	  using	  Crosslinker	  
DMBAP	  
 
Prior	   to	   FIP	   synthesis,	   we	   investigated	   the	   solubility	   of	   the	  
[xFM88	  +	  yGa3+	  +	  z(template)]	   pre-­‐polymerisation	   complex	   in	   a	   solution	   of	  
crosslinker	   DMBAP	   and	   500	  mM	   NaOAc	   [pH	   4.0].	   	   We	   required	   that	   the	  
pre-­‐polymerisation	  complex	  be	  fully	  soluble	  in	  a	  crosslinker/	  polymerisation	  solvent	  
concentration	  that	  we	  deemed	  to	  be	  suitable	  for	  our	  application.	  
	  
With	  regard	  to	  the	  ideal	  crosslinker	  concentration,	  it	  is	  well	  accepted	  that	  the	  molar	  
ratio	   of	   crosslinker	   to	   functional	   monomer	   influences	   the	   performance	   of	   the	  
resulting	   imprinted	   polymer.	   	   In	   simple	   terms,	   the	   functional	   cavities	   must	   be	  
sufficiently	   spaced	   to	  allow	   formation	  of	   individual	   recognition	   sites;	  however,	   too	  
much	  crosslinker	  results	   in	  limited	  diffusion	  through	  the	  polymer	  whereas	  too	  little	  
crosslinker	   yields	   poorly	   defined	   binding	   sites.	   	   In	   a	   study	   by	   Wulff	   it	   was	  
demonstrated	  that	  MIPs	  displayed	  optimal	  selectivity	  (determined	  by	  comparing	  the	  
uptake	  of	  a	  chiral	  template	  molecule	  to	  uptake	  of	  its	  enantiomer)	  when	  made	  with	  
50%	  to	  90	  mol%	  of	  crosslinker	   [249,	  294].	   	  And	  a	   literature	  survey	  reveals	   that	   the	  
majority	   of	   'typical'	   MIPs	   (i.e.	   prepared	   via	   bulk	   polymerisation)	   are	   made	   using	  
approximately	   20-­‐30	  eq	   crosslinker	   relative	   to	   template.	   	   A	   more	   practical	  
consideration	  is	  that,	  if	  too	  much	  crosslinker	  is	  used	  relative	  to	  functional	  monomers	  
and	  therefore	  template	  molecules,	  the	  concentration	  of	  binding	  sites	  will	  be	  too	  low	  
to	  enable	  accurate	  detection	  of	  the	  bound	  target	  species.	  	  	  
	  
We	   initially	   prepared	   a	   series	   of	   solutions	   containing	   functional	   monomer	   FM88	  
(2.0	  eq),	  Ga3+	  11	  (1.0	  eq),	  inosine	  monophosphate	  (1.0	  eq)	  and	  crosslinker	  DMBAP	  in	  
500	  mM	  NaOAc	  [pH	  4.0].	  	  In	  each	  sample,	  volume	  of	  buffer	  was	  equal	  to	  the	  volume	  
of	   DMBAP	   (adhering	   to	   the	   optimal	   porogen/	   crosslinker	   ratio	   recommended	   by	  
Wulff	   [249]),	   and	   the	  molar	   ratio	   of	  DMBAP	   ranged	   from	   22.0	  to	   240.0	  eq.	   	   In	   all	  
samples	  except	  the	  most	  dilute,	  the	  mixture	  appeared	  viscous	  and	  cloudy,	  even	  with	  
                                                
11	  Ga(III)Cl3	  (aq)	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sonication.	   	   Where	   240.0	  eq	   DMBAP	   was	   used,	   a	   relatively	   clear	   solution	   was	  
obtained,	   albeit	   viscous.	   	   Similar	   observations	   were	   made	   using	   the	  
3,6-­‐dioxaoctane-­‐containing	  crosslinker	  DMBADOOM.	  	  	  
5.6	  Preparation	  of	  FIPs	  and	  NIPs	  using	  Crosslinker	  DMBAP	  
 
Following	   these	   results,	   we	   proceeded	   to	   prepare	   FIPs	   and	   NIPs	   using	   the	   molar	  
ratios	  outlined	  in	  Table	  5-­‐3.	  	  Since	  we	  did	  not	  know	  which	  particular	  ratio	  of	  FM88,	  
Ga3+	  and	  phosphorylated	  template	  molecule	  would	  yield	  the	  most	  phosphoselective	  
FIP	  (refer	  to	  Chapter	  4),	  we	  prepared	  a	  series	  the	  FIPs	  using	  what	  we	  considered	  to	  
be	  the	  most	   likely	  ratios.	   	  Also,	   to	   investigate	  whether	  the	  presence	  of	  the	  acetate	  
buffer	   affects	   the	  performance	  of	   the	   resulting	  polymers	   (i.e.	  whether	   the	  acetate	  
anion	  hinders	   the	  phosphate	   functional	   group	   imprinting	  effect),	  we	  prepared	  one	  
set	  of	  polymers	  where	  the	  solvent	  was	  H2O	  titrated	   in	  situ	   to	  pH	  4.0	  using	  HCl	  and	  
KOH.	  
	  
We	   observed	   that	   polymerisation/	   gelation	   occurred	   remarkably	   quickly:	  
approximately	  1-­‐2	  min	   following	  addition	  of	   the	   initiator,	   the	   reaction	  mixtures	  no	  
longer	  changed	  their	  shape	  upon	  shaking,	  thereby	  obviating	  further	  degassing.	  	  After	  
24h,	   the	  polymers	  each	  appeared	  as	  peach-­‐coloured	  opaque	  monoliths.	   	  Following	  
drying	   to	   constant	  weight	   in	   a	   vacuum	  oven,	   the	   polymers	  were	   ground	   to	   a	   fine	  
powder	  and	  subjected	  to	  a	  series	  of	  two	  wash	  steps	  and	  two	  template-­‐removal	  steps	  
(NIPs	  as	  well	  as	  FIPs).	  	  The	  wash	  steps	  involved	  agitation	  at	  RT	  in	  H2O	  (>24h)	  whilst	  
the	  template	  removal	  steps	  involved	  agitation	  at	  RT	  in	  NH3	  (aq)	  [pH	  11.6]	  (>24h).	  	  	  
	  
We	   used	   31P	   NMR	   spectroscopy	   to	   quantify	   the	   amount	   of	   template	   extracted	   in	  
each	  step.	  	  Thus	  the	  filtrate	  of	  each	  step	  was	  lyophilised,	  dissolved	  in	  D2O	  and	  then	  
analysed	  by	  31P	  NMR	  spectroscopy	  with	  a	  known	  amount	  of	  tetrabutylphosphonium	  
hydroxide	  added	  to	  the	  NMR	  tube	  as	  internal	  standard.	  	  The	  result	  was	  compared	  to	  
a	   reference	   spectrum	   of	   known	   amount	   of	   inosine	   phosphate	   and	  
tetrabutylphosphonium	  hydroxide.	   	   The	   31P	   signals	   could	   be	   treated	   quantitatively	  
since	  inverse-­‐gated	  proton	  decoupling	  was	  used	  to	  prevent	  any	  NOE	  effect	  from	  the	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protons	  to	  the	  phosphorous	  nucleus,	  whilst	  a	  relatively	   long	  pulse	   interval	   (15	  sec)	  
was	  employed	  to	  eliminate	  any	  complications	  caused	  by	  the	  signals	  having	  different	  
relaxation	  times.	  
	  
	   Amount	  of	  each	  component	  (mmol,	  molar	  equivalents)	  
Polymer	  ID	   Solvent	   fm88	   Ga3+	   template	   DMBAP	   ABCV	  
FIP111(DMB
AP,	  NaOAc)	  




































































Table	   5-­‐3	   Composition	   of	   FIPs	   and	   NIPs	   prepared	   using	   crosslinker	   DMBAP.	   	   General	   method:	  
reagents	   added	   to	   soda	   glass	   vial	   in	   the	   following	   order:	   fm88,	   solvent	   (equal	   volume	   to	  DMBAP),	  
Ga3+	   (852	  mM	   stock	   solution	   in	   H2O),	   template	   (where	   applicable),	   DMBAP.	   	   Reaction	   mixtures	  
sonicated	  and	  degassed.	  	  ABCV	  added	  (2	  mol%	  to	  total	  amount	  of	  polymerisable	  bonds),	  and	  reaction	  
mixtures	   further	  sonicated	  and	  degassed.	   	  Screw-­‐cap	   lid	   fitted	   to	  vial	  under	  positive	   flow	  of	  N2	  and	  
vial	  heated	  at	  60˚C	  for	  24h.	  
	  
Finally,	  following	  template	  removal,	  each	  of	  the	  polymers	  was	  treated	  to	  a	  metal	  re-­‐
loading	  step.	  	  We	  chose	  to	  do	  this	  because	  addition	  of	  each	  of	  the	  filtrates	  from	  the	  
first	   template	   removal	   step	   to	   a	   buffered	   solution	   of	   Xylenol	   Orange	   yielded	   an	  
orange	  to	  pink	  colour	  change,	  indicating	  that	  some	  Ga3+	  had	  been	  displaced	  from	  the	  
polymers	  [295,	  296].	  	  This	  is	  not	  surprising	  since	  chelated	  Ga3+	  is	  known	  to	  undergo	  
hydroxo	   substitution	   at	   high	   pH	   [15].	   	   Thus	   the	   polymers	   were	   suspended	   in	   a	  
solution	   of	  Ga(III)Cl3	  (aq)	   in	   500	  mM	  NaOAc	   [pH	   4.0]	   and	   gently	   agitated	   at	   RT	   for	  
72	  h.	  	  We	  were	  careful	  to	  thoroughly	  wash	  the	  polymers	  afterwards,	  to	  ensure	  that	  
no	   free	   Ga3+	   remained	   trapped	  within	   the	   polymer	   network.	   	   The	   final	  wash	   step	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here	  was	  analysed	  using	  the	  Xylenol	  Orange	  method	  (Section	  9.2),	  which	   indicated	  
that	  it	  contained	  no	  Ga3+.	  
 
5.6.1	  Discussion	  Regarding	  FIPs	  and	  NIPs	  Made	  with	  
Crosslinker	  DMBAP	  
 
Template	   recovery	   (as	   determined	   by	   31P	   NMR	   spectroscopy)	   is	   discussed	   later	   in	  
this	  section.	  	  
	  
The	  weight	  of	  each	  polymer	  at	  various	  stages	  of	  manufacture	  is	  shown	  in	  Table	  5-­‐4	  
and	   the	   amount	   of	   template	   extracted	   from	   the	   FIPs	   with	   each	   wash/	   template	  













1.381	  g	   1.325	  g	  (96%)	   1.082	  g	  
NIP210(DMBAP,	  
H2O)	  
1.365	  g	   1.297	  g	  (95%)	   1.081	  g	  
FIP111(DMBAP,	  
NaOAc)	  
1.973	  g	   1.831	  g	  (93%)	   1.745	  g	  
NIP110(DMBAP,	  
NaOAc)	  
1.944	  g	   1.878	  g	  (97%)	   1.677	  g	  
FIP211(DMBAP,	  
NaOAc)	  
1.841	  g	   1.824	  g	  (99%)	   1.755	  g	  
NIP210(DMBAP,	  
NaOAc)	  
1.817	  g	   1.786	  g	  (98%)	   1.640	  g	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Firstly,	   one	   would	   expect	   the	   masses	   of	   dried	   monolithic	   polymers	   (Table	   5-­‐4,	  
column	   entitled	   Dried	   monolith,	   prior	   to	   grinding)	   to	   agree	   with	   calculated	  
theoretical	   yields	   (Tables	   5-­‐6	   and	   5-­‐7).	   	   However,	   any	   such	   comparison	   is	  
complicated	  by	  the	  fact	  that	  the	  polymers	  were	  prepared	  in	  buffered	  solutions:	  the	  
mass	   of	   residual	   buffer	   in	   the	   dried	   polymer	  would	   be	   very	   difficult	   to	   accurately	  
estimate.	   	  For	  example,	   in	  the	  case	  of	  the	  polymers	  prepared	  in	  NaOAc	  buffer,	  one	  
could	   make	   the	   following	   approximations:	   1)	   100	  mL	   500	  mM	   NaOAc	   [pH	   4.0]	  
contains	   approximately	   40.8	  mmol	   acetic	   acid	   and	   9.1	  mmol	   NaOAc	   [297];	   2)	   we	  
disregard	   any	   changes	   in	   the	   relative	   acid/	   conjugate	   base	   composition	   owing	   to	  
buffering	  action;	  3)	  we	  assume	  that	  all	  buffer	  in	  the	  form	  of	  acetic	  acid	  was	  removed	  
during	  the	  drying	  step.	  	  From	  this	  we	  are	  able	  to	  calculate	  the	  expected	  mass	  of	  each	  
of	   the	   polymers	   prepared	   in	   NaOAc	   buffer.	   	   It	   can	   be	   seen	   that	   the	   theoretical	  
masses	   are	   quite	   similar	   to	   the	   experimental	   masses	   (Table	   5-­‐6).	   	   Any	   difference	  
between	  these	  two	  values	  can	  be	  explained	  by	  failings	  of	  the	  previous	  assumptions	  
and/or	  any	  solvent	  trapped	  in	  the	  polymer	  monolith.	  
	  
	  
Polymer	  ID	   Wash	  1	   Wash	  2	  
Template	  


















3.3%	   1.1%	   90.2%	   0.0%	  
94.6%	  
(31.3)	  
Table	   5-­‐5	   Amount	   of	   template	   extracted	   from	   the	   FIPs,	   shown	   as	   percentage	   of	  molar	   amount	   used	   in	   initial	  
polymerisation	  step.	   	  Amounts	  calculated	  using	  quantitative	  31P	  NMR,	  with	  tetrabutylphosphonium	  hydroxide	  as	  
internal	  standard	  (see	  main	  text).	  	  Amounts	  of	  template	  used	  in	  polymerisations:	  FIP211(DMBAP,	  H2O)	  (25	  µmol);	  
FIP111(DMBAP,	  NaOAc)	  (45	  µmol);	  FIP211(DMBAP,	  NaOAc)	  (33	  µmol).	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Theoretical	  mass	  of	  dried	  polymer	  
(percentage	  of	  experimental	  mass)	  
FIP111(DMBAP,	  NaOAc)	   1.896	  g	  (96%)	  
NIP110(DMBAP,	  NaOAc)	   1.876	  g	  (98%)	  
FIP211(DMBAP,	  NaOAc)	   1.791	  g	  (97%)	  
NIP210(DMBAP,	  NaOAc)	   1.772	  g	  (98%)	  
Table	   5-­‐6	  Theoretical	  mass	  of	  dried	  polymer	  monoliths	   (prior	   to	  wash	   steps)	  where	  polymerisation	  
was	  carried	  out	  in	  NaOAc	  buffer	  (see	  main	  text).	  
	  
Where	  the	  polymers	  were	  prepared	  in	  the	  absence	  of	  acetate	  (using	  H2O	  titrated	  in	  
situ	  to	  pH	  4.0	  using	  known	  volumes	  of	  1M	  KOH	  and	  1M	  HCl),	  it	  is	  more	  convenient	  to	  
assume	  that	  negligible	  KCl	  remains	  in	  the	  monolithic	  polymers.	  	  Here,	  the	  theoretical	  
values	  agree	  more	  fully	  with	  the	  experimental	  values	  (Table	  5-­‐7).	  
	  
Polymer	  ID	  
Theoretical	  mass	  of	  dried	  polymer	  
(percentage	  of	  experimental	  mass)	  
FIP211(DMBAP,	  H2O)	   1.365	  g	  (99%)	  
NIP210(DMBAP,	  H2O)	   1.351	  g	  (99%)	  
Table	  5-­‐7	  Theoretical	  mass	  of	  dried	  polymer	  monoliths	  (prior	  to	  wash	  steps)	  where	  no	  NaOAc	  buffer	  
was	  used	  during	  polymerisation	  (see	  main	  text).	  
	  
A	   second	   point	   of	   discussion	   is	   that	   there	   is	   a	   weight	   difference	   between	   dried	  
monoliths	   and	  ground	  monoliths,	   ranging	   from	  164	  mg	   to	  17	  mg	   (Table	   5-­‐4).	   	   This	  
can	  be	  explained	  as	  a	  mere	  handling	   loss:	   although	  we	  did	   take	  precautions	  when	  
grinding	  the	  monoliths	  via	  pestle	  and	  mortar	  (assiduously	  covering	  the	  mortar	  as	  far	  
as	  was	  practicable	  using	  a	  sheet	  of	  aluminium	  foil)	  some	  particles	  may	  nonetheless	  
have	  been	  ejected	  from	  the	  mortar	  owing	  to	  the	  force	  needed	  to	  break	  up	  the	  hard	  
polymers.	  	  Furthermore,	  following	  grinding,	  we	  were	  unable	  to	  transfer	  every	  single	  
fine	  particle	  of	  polymer	  from	  the	  surface	  of	  the	  mortar.	  
	  
The	   next	   point	   of	   discussion	   is	   template	   recovery	   (Table	   5-­‐5).	   	   As	   expected,	   the	  
majority	   of	   template	   was	   extracted	   in	   the	   first	   template	   removal	   step	   (NH3	  (aq)),	  
although	  some	  template	  was	  also	  washed	  out	  with	  the	  preceding	  water	  washes.	  	  No	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further	   template	  was	   extracted	  with	   the	   second	   template	   removal	   step.	   	   In	   total,	  
percentage	   template	   recovery	   ranged	   from	   94-­‐97%.	   	   Likely	   reasons	   as	   to	  why	  we	  
were	  apparently	  unable	  to	  extract	  all	  of	  the	  template	  include:	  	  
	  
1)	   Limitations	   in	   the	  method	  of	  quantifying	   template	   recovery.	   	  Whilst	  we	  did	  use	  
specific	  parameters	  to	  ensure	  that	  31P	  NMR	  analysis	  was	  quantitative	  (Section	  5.6),	  
there	  is	  nonetheless	  an	  accepted	  lack	  of	  precision	  in	  NMR	  peak	  integration	  [298].	  	  In	  
our	  experience,	  this	  can	  be	  as	  great	  as	  0.1	  integration	  units.	  
	  
2)	  Handling	  loss:	  As	  discussed	  earlier,	  some	  polymer	  was	  lost	  upon	  grinding	  (Table	  5-­‐
4).	  	  In	  the	  most	  extreme	  example,	  FIP111(DMBAP,	  NaOAc),	  142	  mg	  of	  polymer	  (7%	  
of	  monolith	  weight)	  was	   lost	   in	   this	  way.	   	  This	  would	  correspond	  to	  approximately	  
2	  µmol	   template12	  and	   corroborates	   closely	   with	   the	   3	  µmol	   deficiency	   between	  
template	   used	   in	   polymer	   synthesis	   and	   total	   template	   recovered	   in	   wash/	  
extraction	  steps	   (Table	   5-­‐5).	   	   In	  addition,	   the	   filtrates	   from	  the	  wash	  and	  template	  
removal	  steps	  (approximately	  120	  mL	  each	  step)	  were	  lyophilised	  and	  redissolved	  in	  
D2O	   ready	   for	   NMR	   analysis.	   	   Relative	   to	   these	   volumes,	   the	   total	   amount	   of	  
template	  used	  to	  prepare	  each	  FIP	  was	  rather	  low	  (25-­‐45	  µmol).	  	  Therefore	  it	  is	  not	  
unreasonable	  to	  suggest	  that	  the	  difference	  between	  amount	  of	  template	  used	  and	  
amount	  recovered	  could	  simply	  be	  attributed	  to	  a	  handling/	  transfer	  loss.	  
	  
                                                
12	  7%	  of	  the	  template	  used	  =	  1.4	  mg,	  which	  corresponds	  to	  2.3	  µmol.	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3)	  Some	  template	  may	  be	  physically	  trapped	  
within	   the	  polymer	  matrix.	   	  Alternatively,	   it	  
is	   possible	   that	   some	   template	   is	   bound	   to	  
particularly	   strong	   binding	   sites	   within	   the	  
FIPs	   (Umpleby	   and	   others	   have	   suggested	  
that	   MIPs	   contain	   a	   heterogeneous	  
distribution	   of	   binding	   sites13	  [168]	   (Figure	  
5-­‐11)).	   	   In	   either	   case,	   if	   the	   remaining	  
template	   is	   later	   released	   from	   the	   FIPs	  
during	   binding	   analyses	   ("leaching"),	  we	   do	  
not	   expect	   it	   to	   interfere	   with	   such	   results	  
since	  we	  ultimately	   intend	  to	  use	  the	  FIP	  to	  
enrich	   for	   very	   different	   species	  
(phosphopeptides)	   than	   that	   which	   was	  
used	  as	  template.	  
	  
To	   conclude,	   we	   attribute	   incomplete	   template	   recovery	   to	   handling	   loss,	  
quantification	   error	   and/	   or	   template	   entrapment.	   	   However,	   for	   the	   purpose	   of	  
binding	  site	  density	  estimations,	  we	  shall	  make	  the	  assumption	  that	  100%	  template	  
has	  been	  removed	  from	  the	  FIPs.	  
	  
Theoretically,	   the	   mass	   of	   dried	   FIP	   after	   all	   wash/	   template-­‐removal	  
/metal-­‐reloading	  steps	  should	  be	  equal	  to	  the	  mass	  of	  dried	  FIP	  before	  these	  steps	  
minus	   the	  mass	   of	   template	   recovered.	   	  However,	   even	  when	   amount	   of	   polymer	  
(and	   therefore	   template)	   lost	  upon	  grinding	   is	   taken	   into	   consideration,	   the	  actual	  
final	   masses	   are	   much	   lower	   than	   expected	   (Table	   5-­‐8).	   	   Furthermore,	   assuming	  
either	  no	  handling	  loss	  of	  polymer	  or	  equal	  handling	  loss	  for	  each	  set	  of	  polymers,	  a	  
FIP	   (with	   100%	   template	   removed)	   and	   its	   cognate	   NIP	   should	   be	   of	   the	   same	  
weight.	   	   This	   is	   certainly	   the	   case	   for	   FIP211(DMBAP,	   H2O)	   and	  NIP210(DMBAP,	  
H2O)	   (1.082	  g	   and	   1.081	  g	   respectively,	  Table	   5-­‐4).	   	   There	   is	   a	   greater	   discrepancy	  
                                                
13	  This	  heterogeneous	  distribution	  can	  also	  explain	  why	  some	  of	  the	  template	  was	  washed	  out	  during	  
the	  wash	  steps	  rather	  than	  the	  NH3	  (aq)	  template	  removal	  steps.	  
Figure	   5-­‐11	   Unimodal	   heterogeneous	  
affinity	   distribution	   of	   binding	   sites	  
proposed	   by	   Umpleby	   et	   al.	   to	   be	  
present	   in	  MIPs.	   	  N	  =	  number	  of	   sites;	  
K	  =	  association	  constant.	  
[Adapted	  from	  Umpleby	  et	  al.]	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between	  FIP111(DMBAP,	  NaOac)	  and	  NIP110(DMBAP,	  NaOAc)	  (1.745	  g	  and	  1.677	  g	  
respectively)	   and	   between	   FIP211(DMBAP,	   NaOAc)	   and	   NIP210(DMBAP,	   NaOAc)	  
(1.755	  g	   and	   1.640	  g	   respectively).	   	  We	  must	   therefore	  make	   the	   supposition	   that	  
further	  polymer	  has	  been	  lost	  through	  handling,	  during	  the	  various	  wash/	  template-­‐
removal/	  metal-­‐reloading	  steps.	  	  
	  
The	   binding	   site	   density	   of	   each	   of	   the	   FIPs	   should	   be	   calculated	   by	   dividing	   the	  
molar	  amount	  of	  template	  recovered	  by	  the	  weight	  of	  the	  dried	  polymer.	  	  However,	  
since	   it	   is	   apparent	   that	   polymer	   (FIPs	   and	  NIPs)	   has	   been	   lost	   during	   the	   various	  
wash	  steps,	  we	  propose	  an	  alternative	  method	  of	  calculating	  binding	  site	  density.	  	  As	  
stated	  previously,	  the	  mass	  of	  a	  NIP	  should	  be	  equal	  to	  the	  mass	  of	  a	  FIP	  once	  100%	  
template	  has	  been	  removed.	  	  We	  can	  therefore	  estimate	  FIP	  binding	  site	  densities	  by	  
dividing	   the	  molar	   amount	   of	   template	   used	   to	   prepare	   a	   FIP	   by	   the	  mass	   of	   the	  
corresponding	  dried,	  monolithic	  NIP	   (Table	   5-­‐9).	   	  This	  approach	  does	  not	   take	   into	  
consideration	   any	   salts	   that	   were	   washed	   out	   during	   the	   various	   wash	   steps;	  
however,	  the	  effect	  of	  this	  on	  the	  final	  binding	  site	  density	  should	  be	  minimal.	  
	  
Polymer	  ID	  
Estimated	  mass	  of	  
template	  in	  ground	  FIP	  
(mg)	  
Experimental	  mass	  of	  
ground	  FIP	  minus	  
estimated	  mass	  of	  
template	  present	  (g)	  
Experimental	  mass	  of	  




FIP211(DMBAP,	  H2O)	   13.4	   1.312	   1.082	  
FIP111(DMBAP,	  NaOAc)	   18.2	   1.813	   1.745	  
FIP211(DMBAP,	  NaOAc)	   18.1	   1.806	   1.755	  
Table	  5-­‐8	  Theoretical	  and	  experimental	  masses	  of	  FIPs	  following	  all	  wash/	  template-­‐removal/	  metal-­‐
reloading	  steps.	  	  The	  theoretical	  calculation	  assumes	  a)	  100%	  template	  removal	  from	  the	  FIPs	  and	  b)	  
no	  further	  loss	  of	  polymer	  following	  grinding.	  	  Estimated	  mass	  of	  template	  in	  ground	  FIP	  is	  calculated	  
from	   mass	   of	   template	   used	   to	   prepare	   polymers,	   minus	   the	   percentage	   loss	   of	   polymer	   upon	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Mass	  of	  dried	  
monolithic	  NIP	  
Amount	  of	  template	  
used	  to	  prepare	  FIP	  
Estimated	  FIP	  binding	  site	  density	  
following	  wash,	  template-­‐removal	  
and	  metal-­‐reloading	  steps	  
FIP211(DMBAP,	  H2O)	   -­‐	   25	  µmol	   18.32	  nmol/	  mg	  
NIP210(DMBAP,	  H2O)	   1.365	  g	   -­‐	   -­‐	  
FIP111(DMBAP,	  NaOAc)	   -­‐	   45	  µmol	   23.15	  	  nmol/	  mg	  
NIP110(DMBAP,	  NaOAc)	   1.944	  g	   -­‐	   -­‐	  
FIP211(DMBAP,	  NaOAc)	   -­‐	   33	  µmol	   18.16	  	  nmol/	  mg	  
NIP210(DMBAP,	  NaOAc)	   1.817	  g	   -­‐	   -­‐	  
Table	  5-­‐9	  Estimated	  FIP	  binding	  site	  densities,	  calculated	  by	  dividing	  the	  molar	  amount	  of	   template	  
used	  to	  prepare	  a	  FIP	  by	  the	  mass	  of	  the	  corresponding	  dried	  monolithic	  NIP.	  	  This	  approach	  assumes	  
100%	   template	   removal	   and	   does	   not	   take	   into	   account	   any	   salts	   that	   were	   washed	   out	   of	   the	  
polymers	  during	  the	  various	  wash	  steps.	  	  Since	  the	  calculation	  is	  not	  based	  on	  the	  experimental	  mass	  
of	   FIP	   following	  all	  wash/	   template-­‐removal/	  metal-­‐reloading	   steps,	  amount	  of	  polymer	   lost	  due	   to	  
handling	  need	  not	  be	  taken	  into	  account.	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o	   reiterate,	   our	   primary	   objective	   was	   to	   develop	   a	   synthetic	   receptor	   that	  
would	  bind	  anything	  bearing	  the	  phosphate	  monoester	   functional	  group,	  with	  
selectivity	   over	   other	   potentially-­‐competitive	   functional	   groups.	   	   To	   this	   end	   we	  
synthesised	   a	   series	   of	   polymers	   that	   were	   designed	   to	   contain	   discrete	  
phosphoselective	   binding	   sites,	   owing	   to	   the	   (anticipated)	   functional	   group	  
imprinting	  step	  in	  their	  preparation.	  
	  	  
Having	   prepared	   such	   polymers,	   we	   required	   to	   carry	   out	   a	   succession	   of	  
experiments	  to	  determine	  whether	  they	  function	  as	  required.	  	  In	  particular,	  we	  were	  
interested	  in	  answering	  the	  following	  questions:	  
	  
1)	  Do	  the	  polymers	  bind	  anything	  at	  all	   i.e.	  do	   they	  behave	  as	  synthetic	   receptors,	  
even	  rudimentarily	  so?	  	  And	  can	  bound	  analytes	  be	  released	  intact	  when	  required?	  
2)	  Do	   the	  polymers	  prepared	   in	   the	  presence	  of	   a	   template	  molecule	   re-­‐bind	   that	  
same	  molecule	  with	   greater	   selectivity	   over	   structurally	   analogous	  molecules	   than	  
the	  corresponding	  NIPs	  i.e.	  do	  we	  have	  a	  molecular	  imprinting	  effect	  in	  line	  with	  the	  
objectives	  of	  conventional	  MIPs?	  
3)	  Do	  the	  polymers	  recognise	  other	  molecules	  containing	  the	  phosphate	  functional	  
group,	  in	  addition	  to	  that	  which	  was	  used	  as	  the	  template	  molecule?	  	  This	  is	  contrary	  
to	   the	  objectives	  of	   conventional	  molecular	   imprinting	  but	   is	  a	   requirement	  of	  our	  
phosphate	  functional	  group	  imprinted	  polymers.	  	  
4)	   Do	   the	   polymers	   exhibit	   phosphoselectivity	   over	   other	   functional	   groups	   and,	  
more	  importantly,	  do	  they	  exhibit	  greater	  phosphoselectivity	  than	  the	  corresponding	  
T 
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NIPs?	  	  If	  so,	  this	  would	  provide	  compelling	  evidence	  in	  favour	  of	  the	  functional	  group	  
imprinting	  concept.	  
	  
In	   terms	  of	   further	  understanding	   the	  performance	  and	   limitations	  of	  our	  FIPs,	  we	  
were	   also	   interested	   in	   investigating	   how	   binding	   performance	   is	   affected	   by	   a)	  
solution	  pH	  and	  b)	  binding	  time	  course.	  
	  
To	  answer	  such	  questions,	  a	  number	  of	  binding	  assays	  were	  carried	  out	  using	  a	  batch	  
equilibration	  approach	  (Scheme	  6-­‐1).	   	  Briefly,	  a	  known	  amount	  of	  dry	  polymer	  (FIP	  
or	   NIP)	   was	   suspended	   in	   an	   appropriate	   solvent	   (i.e.	   one	   that	   solubilises	   all	  
components	  whilst	  maintaining	  the	  desired	  pH	  and	  therefore	  ionisation	  state	  of	  the	  
components),	  and	   the	  mixture	  allowed	   to	  equilibrate	  over	   time.	   	  The	  polymer	  was	  
then	   sedimented	   by	   centrifugation	   and	   the	   supernatants	   removed	   via	   syringe	   and	  
Scheme	  6-­‐1	  Pictorial	  overview	  of	  small	  molecule	  binding	  assays	  used	  to	  test	  the	  performance	  of	  
FIPs	  and	  NIPs.	  	  Each	  fraction	  analysed	  using	  HPLC.	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analysed	   by	   HPLC.	   	   The	   polymer	   was	   then	   subjected	   to	   various	   wash	   and	   elution	  
steps;	  following	  each	  step,	  the	  supernatants	  were	  removed	  and	  analysed	  by	  HPLC.	  
	  
(Please	   note	   that,	   for	   ease	   of	   discussion,	   we	   shall	   continue	   to	   refer	   to	   polymers	  
FIP111(DMBAP,NaOAc),	   FIP211(DMBAP,H2O)	  and	   FIP211(DMBAP,NaOAc)	  as	   'FIPs',	  
even	  though	  it	  is	  yet	  to	  be	  proven	  that	  they	  are	  indeed	  imprinted	  with	  a	  functional	  
group).	  
	  
6.2	  	   Binding	  Assay:	  	  Substrate	  Selectivity	  in	  pH	  4.0	  Acetate	  
	   Buffer:	  Imprint	  Template	  Molecule	  (Inosinic	  Acid)	  versus	  
	   Nonphosphorylated	  Analogue	  (Inosine)	  
 
We	  initially	  carried	  out	  an	  experiment	  to	  ascertain	  whether	  the	  polymers	  do	  re-­‐bind	  
the	  very	  molecule	  that	  was	  used	  as	  template	  -­‐	  therefore	  behaving	  at	  least	  as	  simple	  
synthetic	   receptors	   -­‐	   and	   also	   whether	   the	   FIPs	   do	   so	   more	   selectively	   than	   the	  
corresponding	  NIPs,	  in	  line	  with	  conventional	  molecular	  imprinting	  methodology.	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Figure	   6-­‐1	   Set-­‐up	   of	   Binding	   Assay	   Substrate	   Selectivity	   in	   pH	   4.0	   Acetate	   Buffer:	   Imprint	   Template	  
Molecule	  (Inosinic	  Acid)	  versus	  Nonphosphorylated	  Analogue	  (Inosine):	  an	  equimolar	  solution	  of	  the	  two	  
analytes	   in	   100mM	   NaOAc	   [pH	   4.0]	   was	   gently	   agitated	   with	   one	   of	   the	   following	   polymers	  	  
FIP211(DMBAP,H2O)/	   NIP210(DMBAP,H2O)	   (FIP	   prepared	   using	   a	   2:1:1	   molar	   ratio	   of	  
ligand	  :	  metal	  :	  template,	  with	  H2O	  [pH	  4.0,	  using	  KOH	  and	  HCl]	  as	  the	  solvent);	  FIP111(DMBAP,NaOAc)/	  
NIP110(DMBAP,NaOAc)	   (FIP	   prepared	   using	   a	   1:1:1	   molar	   ratio	   with	   500	  mM	   NaOAc	   [pH	  4.0]	   as	   the	  
solvent);	   FIP211(DMBAP,NaOAc)/	  NIP210(DMBAP,NaOAc)	   (FIP	   prepared	   using	   a	   2:1:1	  molar	   ratio	  with	  
500	  mM	  sodium	  acetate	  [pH	  4.0]	  as	  the	  solvent).	  	  The	  corresponding	  NIPs	  were	  prepared	  in	  the	  same	  way	  
as	   the	   FIPs	   but	   in	   the	   absence	   of	   a	   template.	   	   Total	   amount	   of	   analytes	   used	   was	   calculated	   to	   be	  
equivalent	  to	  9-­‐13	  mol%	  of	  available	  binding	  sites	  in	  the	  FIP	  (see	  main	  text).	  	  At	  t=20	  h,	  the	  mixtures	  were	  
sedimented	  by	   centrifugation,	  and	   the	   supernatants	   removed.	   	   The	  polymers	  were	   then	   subjected	   to	  a	  
series	  of	  wash	  steps	  (3	  ×	  1:1	  v/v	  MeCN	  :	  100	  mM	  NaOAc	  [pH	  4.0]	  and	  3	  ×	  1:1	  v/v	  MeCN	  :	  H2O)	  and	  elution	  
steps	   (2	  ×	   1:1	  v/v	  MeCN	  :	  5%	  H3PO4).	   	   The	   t=20	  h	   supernatant	  and	  first	  elution	  step	   (E1)	  fractions	  were	  
analysed	  by	  HPLC.	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6.2.1	  Experimental	  Design	  
	  
An	  array	  of	  batch	  equilibration	  assays	  were	  set	  up,	  where	  each	  assay	  contained	  just	  
one	   polymer	   (a	   FIP	   FIP211(DMBAP,H2O),	   FIP111(DMBAP,NaOAc),	  
FIP211(DMBAP,NaOAc)	   or	   a	   NIP	   NIP210(DMBAP,H2O),	   NIP110(DMBAP,NaOAc),	  
NIP210(DMBAP,NaOAc))	   and	   the	   designated	   analytes	   (Figure	   6-­‐1).	   	   The	   analytes	  
were:	   inosine	   monophosphate	   (also	   called	   inosinic	   acid),	   since	   this	   was	   used	   as	  
template	  molecule;	  and	  the	  non-­‐phosphorylated	  equivalent,	  inosine.	  	  As	  in	  Chapter	  
3,	  it	  was	  decided	  that	  total	  amount	  of	  analytes	  (inosinic	  acid	  plus	  inosine)	  should	  be	  
equal	  to	  10	  mol%	  of	  estimated	  number	  of	  binding	  sites	  within	  the	  FIP:	  our	  reasoning	  
was	  that,	  with	  a	  nine-­‐fold	  excess	  of	  binding	  sites,	  the	  analytes	  would	  effectively	  be	  
competing	  for	  the	  'best'	  population	  of	  binding	  sites	  (refer	  to	  Section	  3.2.1	  for	  further	  
discussion,	   and	   Figure	   5-­‐12),	   which	  would	   provide	   a	   good	   test	   of	   the	   recognition	  
performance	  of	  the	  FIPs.	  	  
	  
Regrettably,	  at	   the	   time	  of	  carrying	  out	   the	  experiment,	  we	  erroneously	  estimated	  
the	  number	  of	  binding	   sites	  within	  each	  FIP	   (data	  handling	  error).	   	   Therefore	   total	  
amount	   of	   analytes	   was	   actually	   equal	   to:	   13%	   of	   binding	   sites	   in	  
FIP211(DMBAP,H2O)	   and	   the	   corresponding	   NIP;	   9%	   of	  
binding	   sites	   in	   FIP111(DMBAP,NaOAc)	   and	   the	  
corresponding	   NIP;	   11%	   of	   binding	   sites	   in	  
FIP211(DMBAP,NaOAc)	  and	  the	  corresponding	  NIP.	  
	  
In	   order	   to	   eliminate	   potential	   errors	   in	   preparing	   the	  
individual	  assays,	  we	  prepared	  stock	  solutions	  of	  each	  of	  the	  
two	   analytes,	   and	   subsequent	   stock	   solutions	   of	   both	  
analytes	   in	   the	  desired	  concentration	   for	  a	  particular	  set	  of	  
binding	   assays.	   	   That	   is	   to	   say,	   we	   initially	   prepared	   a	  
11.7	  mM	  stock	  solution	  of	  inosinic	  acid	  and	  a	  24.9	  mM	  stock	  
solution	   of	   inosine.	   	   From	   these,	   stock	   solutions	   were	  
prepared	  containing	  equimolar	  amounts	  of	  the	  two	  analytes	  
Figure	   6-­‐2	   Expansion	   of	   HPLC	  
chromatogram	   of	   inosinic	   acid	  
(3.7	  min)	  and	  inosine	  (5.5	  min).	  	  HPLC	  
set-­‐up	  E	  (Section	  9.1).	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in	   the	   final	   concentrations	   required	   for	   each	   set	   of	   binding	   assays	   (since	   the	  
estimated	  binding	  site	  density	  differs	  for	  each	  of	  the	  three	  sets	  of	  polymers).	  
	  
The	   equilibration	   supernatant	   fractions	   were	   analysed	   by	   HPLC,	   using	   a	   method	  
developed	   to	   afford	   baseline	   separation	   of	   the	   two	   analytes	   (Figure	   6-­‐2).	  	  
Chromatogram	  peak	  areas	  were	  determined	   to	  be	  proportionate	   to	  concentration,	  
and	   calibration	   curves	   were	   established	   for	   each	   analyte	   using	   nine	   data	   points	  
within	   an	   appropriate	   concentration	   range	   (0.004	   -­‐	   0.200	  mM).	   	   This	   afforded	  
straight-­‐line	  plots	  with	  r2	  =	  >0.99;	  calibration	  coefficients,	  ε,	  were	  determined	  from	  
the	  slope	  of	  the	  curve	  using	  the	  Beer-­‐Lambert	  Law	  (Figure	  6-­‐3).	   	  Each	  fraction	  was	  
analysed	  in	  triplicate,	  and	  the	  mean	  average	  used	  for	  analysis	  (each	  chromatogram	  
was	  visually	  inspected	  and	  erroneous	  chromatograms,	  such	  as	  those	  coinciding	  with	  
detector	  malfunction	  (e.g.	  spiking	  baseline	   indicating	  that	  UV-­‐detector	  needs	  to	  be	  
restarted)	   or	   giving	   unexpected	   peak	   retention	   times	   (e.g.	   due	   to	   air	   bubble	   or	  
column	  not	  yet	  equilibrated),	  were	  disregarded).	  
	  
Thus	   the	  molar	   concentration	   of	   each	   analyte	  within	   a	   fraction	  was	   calculated	   by	  
dividing	  the	  mean	  peak	  area	  by	  ε.	   	  With	  a	   'typical'	  MIP,	  one	  would	  then	  be	  able	  to	  
directly	  compare	   these	  values	  with	   the	   t=0	  analyte	  concentrations.	   	  Unfortunately,	  
such	  a	  direct	  comparison	  was	  not	  possible	  with	  our	  polymers:	  the	  relative	  degree	  of	  
swelling	  of	   the	  dry	  polymer	  upon	  submersion	  within	  the	  binding	  assay	  solvent	  was	  
so	  great	   that	   it	   resulted	   in	  a	  significant	  effective	   increase	   in	  analyte	  concentration.	  	  
For	  example,	  we	  estimated	  that	  the	  amount	  of	  equilibration	  solvent	  absorbed	  by	  the	  
dry	  polymer	  was	  approx.	  2	  µL/mg14;	  binding	  solution	  volume	  was	  therefore	  depleted	  
by	   approximately	   25%.	   	   Our	   explanation	   for	   such	   a	   large	   depletion	   in	   binding	  
solution	   volume	   (and	   corresponding	   effective	   increase	   in	   analyte	   concentration)	   is	  
that,	   owing	   to	   the	   relatively	   low	   solubility	   of	   the	   pre-­‐polymerisation	   complex,	   we	  
had	   to	   use	   a	   particularly	   large	   excess	   (240	  eq)	   of	   crosslinker	   in	   preparing	   the	  
polymers	   (Section	   5.5).	   	   The	   binding	   site	   density	   is	   therefore	   much	   less	   than	   in	  
                                                
14	  estimated	  by	  measurement	  of	  the	  supernatant	  volume	  at	  equilibrium	  and	  comparing	  this	  with	  the	  
t=0	  volume.	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'typical'	   MIPs	   (which	   use	   20-­‐30	  eq	   crosslinker	   [158])	   and	   the	   degree	   of	   swelling	  
correspondingly	  more	  significant.	  
	  
One	  means	  of	  circumventing	  this	  issue	  would	  be	  to	  accurately	  measure	  the	  volume	  
of	  each	  fraction	  and	  then	  multiply	  these	  values	  by	  the	  concentration	  of	  each	  analyte	  
in	   the	   fraction	   to	   afford	   molar	   amounts.	   	   However,	   such	   an	   approach	   is	   most	  
meaningful	   if	   applied	   to	   all	   fractions	   (the	   equilibration	   supernatant,	   all	   wash	  
fractions	  and	  all	  elution	  fractions),	  thereby	  providing	  a	  complete	  analyte	  distribution	  
profile.	  	  This	  would	  be	  a	  laborious	  and	  drawn	  out	  approach,	  in	  terms	  of	  both	  manual	  
handling	  and	  HPLC	  hours.	  
	  
Alternatively,	   it	   is	   also	   reasonable	   to	   plot	   the	   equilibration	   supernatant	   molar	  
concentrations	  (calculated	  by	  dividing	  the	  mean	  peak	  area	  by	  ε)	  as	  a	  percentage	  of	  
concentrations	  at	  t=0	  if	  the	  y-­‐axis	  is	  given	  arbitrary	  units	  so	  as	  not	  to	  be	  misleading.	  	  
This	  approach	  negates	  the	  need	  for	  actual	  molar	  amounts	  of	  analyte	  retained	  by	  the	  
polymers,	  allowing	  one	  to	  compare	  relative	  uptake	  of	  each	  of	  the	  analytes	  by	  each	  of	  
the	  polymers	  (swelling	  was	  determined	  to	  be	  essentially	  equal	  for	  all	  polymers).	  	  
Figure	   6-­‐3	   Binding	   Assay	   Substrate	   Selectivity	   in	   pH	   4.0	   Acetate	   Buffer:	   Imprint	   Template	   Molecule	  
(Inosinic	   Acid)	   versus	   Nonphosphorylated	   Analogue	   (Inosine):	   Calibration	   curves	   for	   (left)	   inosinic	   acid	  
and	  (right)	  inosine.	  	  Calibration	  coefficients,	  ε,	  determined	  from	  the	  slope	  of	  the	  curve:	  (inosinic	  acid:	  ε	  =	  
10597	  mVs-­‐1	  mM-­‐1;	  inosine:	  ε	  =	  9153	  mVs-­‐1	  mM-­‐1).	  	  HPLC	  set-­‐up	  E	  (Section	  9.1).	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Finally,	   to	   verify	   that	   the	   analytes	   do	   not	   degrade	   over	   time	   (for	   example,	   in	   situ	  
dephosphorylation	  of	  inosinic	  acid)	  an	  equimolar	  solution	  of	  inosine	  and	  inosinic	  acid	  
was	   subjected	   to	   the	   same	   equilibration	   conditions	   used	   for	   the	   polymer	   binding	  
assays	   (i.e.	   mechanically	   shake	   at	   RT	   for	   20	  h).	   	   HPLC	   analysis	   after	   this	   time	  
confirmed	  that	  the	  analytes	  do	  not	  degrade	  under	  the	  equilibration	  conditions.	  
	  
6.2.2	  Results	  and	  Discussion 	  
	  
Plots	   of	   equilibration	   supernatant	   concentrations	   of	   the	   analytes,	   displayed	   as	   a	  
percentage	  of	  concentrations	  at	  t=0	  (where	  the	  y-­‐axis	  is	  given	  arbitrary,	  for	  reasons	  
discussed	  in	  Section	  6.2.1),	  are	  shown	  in	  Figure	  6-­‐4	  (data	  also	  presented	  in	  Table	  6-­‐
1).	  	  Plots	  of	  molar	  amounts	  of	  the	  analytes	  (as	  a	  percentage	  of	  t=0	  amounts)	  in	  the	  
first	  extraction	  step	  (E1)	  from	  each	  binding	  assay	  are	  shown	  in	  Figure	  6-­‐5	  (data	  also	  
presented	  in	  Table	  6-­‐2).	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Figure	   6-­‐4	   Binding	   Assay	  
Substrate	   Selectivity	   in	   pH	   4.0	  
Acetate	   Buffer:	   Imprint	  
Template	   Molecule	   (Inosinic	  
Acid)	   versus	  
Nonphosphorylated	   Analogue	  
(Inosine):	   Plots	   showing	  
supernatant	   concentrations	   of	  
the	   analytes	   after	   equilibration,	  
as	   a	   percentage	   of	  
concentrations	   at	   t=0.	   	   No	  
correction	   has	   been	   applied	   for	  
the	   effective	   increase	   in	  
equilibration	   solution	  
concentration	   due	   to	   polymer	  
swelling,	   therefore	   the	   y-­‐axis	  
units	  are	  shown	  as	  arbitrary	  (see	  
Section	   6.2.1).	   	   	   Data	   also	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Figure	   6-­‐5	   Binding	   Assay	   Substrate	   Selectivity	   in	   pH	   4.0	   Acetate	   Buffer:	   Imprint	   Template	   Molecule	  
(Inosinic	   Acid)	   versus	   Nonphosphorylated	   Analogue	   (Inosine):	   Plots	   showing	   molar	   amounts	   of	   the	  
analytes	   (as	   a	   percentage	   of	   amounts	   at	   t=0)	   in	   the	   first	   extraction	   step	   (E1)	   from	   each	   binding	   assay.	  	  
Amounts	   calculated	  by	  accurately	  measuring	   the	  volume	  of	  each	  E1	   fraction	  and	  multiplying	  this	  by	   the	  
concentration	   of	   each	   analyte,	   as	   determined	   by	   peak	   areas	   and	   calibration	   coefficients.	   	   	   	   Data	   also	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14.3	   42.6	   9.2	   53.9	   24.9	   30.8	  
inosine	   108.5	   107.6	   106.2	   106.4	   105.4	   106.7	  
	  
Table	  6-­‐1	  Binding	  Assay	  Substrate	  Selectivity	   in	  pH	  4.0	  Acetate	  Buffer:	   Imprint	  Template	  Molecule	  
(Inosinic	  Acid)	   versus	  Nonphosphorylated	  Analogue	   (Inosine):	   t=20h	  supernatant	  concentrations	  of	  
the	   analytes	   as	   a	   percentage	   of	   concentrations	   at	   t=0.	   	   No	   correction	   has	   been	   applied	   for	   the	  
effective	  increase	  in	  equilibration	  solution	  concentration	  due	  to	  polymer	  swelling,	  therefore	  the	  units	  


















































Table	  6-­‐2	  Binding	  Assay	  Substrate	  Selectivity	   in	  pH	  4.0	  Acetate	  Buffer:	   Imprint	  Template	  Molecule	  
(Inosinic	  Acid)	  versus	  Nonphosphorylated	  Analogue	  (Inosine):	  Molar	  amounts	  of	  the	  analytes	  (and	  as	  
a	   percentage	   of	   t=0	   amounts)	   in	   the	   first	   extraction	   step	   (E1)	   from	   each	   binding	   assay.	   	   Amounts	  
calculated	   by	   accurately	   measuring	   the	   volume	   of	   each	   E1	   fraction	   and	   multiplying	   this	   by	   the	  
concentration	  of	  each	  analyte,	  as	  determined	  by	  peak	  areas	  and	  calibration	  coefficients.	   	  Data	  also	  
presented	  in	  Figure	  6-­‐5.	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It	   is	   instantly	   apparent	   that	   all	   the	   polymers	   (FIPs	   and	  NIPs)	   do	   bind	   inosinic	   acid,	  
behaving	   therefore	   as	   sorbents,	   and	   that	   bound	   analytes	   are	   straightforwardly	  
recovered	  from	  the	  polymers	  using	  mild	  conditions	  (Figure	  6-­‐4,	  Table	  6-­‐1	  and	  Figure	  
6-­‐5,	  Table	  6-­‐2).	  	  Thus,	  the	  ratio	  of	  inosinic	  acid	  to	  inosine	  in	  solution	  was	  depleted	  by	  
polymer	  FIP211(DMBAP,H2O)	   from	  equimolar	   to	  0.13:1.00,	  and	  44.8%	  and	  0.6%	  of	  
inosinic	   acid	   and	   inosine	   respectively	   (relative	   to	   amounts	   present	   at	   t=0)	   was	  
subsequently	   recovered	   from	   the	   polymer.	   	   Similarly,	   the	   ratio	   of	   inosinic	   acid	   to	  
inosine	  in	  solution	  was	  depleted	  by	  polymer	  FIP111(DMBAP,NaOAc)	  from	  equimolar	  
to	  0.40:1.00,	  and	  57.4%	  and	  0.5%	  of	  inosinic	  acid	  and	  inosine	  respectively	  (relative	  to	  
amounts	  present	  at	  t=0)	  was	  then	  recovered	  from	  the	  polymer.	  	  Finally,	  the	  ratio	  of	  
inosinic	  acid	  to	  inosine	  in	  solution	  was	  depleted	  by	  polymer	  FIP211(DMBAP,NaOAc)	  
from	   equimolar	   to	   0.24:1.00,	   and	   34.1%	   and	   0.2%	   of	   inosinic	   acid	   and	   inosine	  
respectively	   (relative	   to	   amounts	   present	   at	   t=0)	   was	   then	   recovered	   from	   the	  
polymer.	   	   Provisionally,	   these	   are	   promising	   results	  with	   regard	   to	   our	   objectives,	  
indicating	  that	  the	  FIPs	  do	  at	  least	  selectively	  enrich	  for	  the	  phosphorylated	  template	  
molecule.	  
	  
However,	  we	  note	  that	  not	  all	  of	  the	  inosinic	  acid	  present	  was	  taken	  up	  by	  any	  of	  the	  
polymers	  by	  t=20	  h.	  	  Subsequent	  binding	  experiments	  using	  different	  analytes	  (vide	  
infra)	   have	   shown	   that	   equilibrium	   is	   generally	   reached	  after	   1-­‐2	  h;	   therefore,	   this	  
incomplete	   uptake	   is	   not	   due	   to	   the	   present	   binding	   assays	   being	   unequilibrated.	  	  
Also,	  this	  result	  probably	  cannot	  be	  explained	  by	  claiming	  that	  the	  polymers	  reached	  
saturation,	  since	  a	  9-­‐fold	  excess	  of	  estimated	  binding	  sites	  relative	  to	  total	  analytes	  
was	   used.	   	   It	   can,	   however,	   be	   explained	   by	   suggesting	   that	   a	   thermodynamic	  
equilibrium	  was	  reached.	  	  Whilst	  one	  of	  the	  overall	  objectives	  of	  a	  phosphoselective	  
FIP	  was	  that	   it	  enrich	  for	  all	  of	  the	  phosphorylated	  species	  present,	  one	  can	  at	  this	  
stage	  suggest	  that	  the	  issue	  could	  be	  circumvented	  by	  eventually	   incorporating	  the	  
FIP	  into	  a	  solid	  phase	  or	  HPLC	  cartridge,	  so	  that	  the	  solution-­‐phase/	  polymer-­‐phase	  
partition	  observed	  here	  is	  achieved	  at	  each	  theoretical	  plate.	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The	  next	  point	  of	  discussion	  is	  that	  all	  polymers	  selectively	  bound	  inosinic	  acid	  over	  
inosine	   (level	  of	   inosine	  bound	   is	  negligible).	   	  Moreover,	   in	  all	   three	  cases,	   the	  FIP	  
bound	   more	   inosinic	   acid	   than	   did	   the	   corresponding	   NIP.	   This	   is	   underlined	   by	  
calculating	  the	  imprinting	  effect	  (IE):	  this	  is	  a	  measure	  of	  the	  difference	  in	  selectivity	  
of	  a	  FIP	  and	  its	  cognate	  NIP	  under	  constant	  conditions,	  and	  is	  used	  to	  determine	  the	  
degree	   to	   which	   polymer	   performance	   (selectivity)	   is	   due	   specifically	   to	   the	  
imprinting	   step	  during	  polymer	  preparation.	   	   Thus,	  Figure	   6-­‐6	   shows	   that	  all	   three	  
FIPs	  exhibit	  an	  IE	  for	  inosinic	  acid	  but	  negligible	  IE	  for	  inosine.	  	  This	  is	  very	  pleasing,	  
and	   is	   in	   line	   with	   the	   objectives	   of	   conventional	   molecular	   imprinting,	  
demonstrating	   that	  we	  at	   least	  have	  MIPs	   (consider	   functional	  group	   imprinting	   to	  
be,	  essentially,	  an	  evolved	  embodiment	  of	  molecular	  imprinting).	  	  	  
	  
The	  magntude	  of	  IE	  is	  greatest	  for	  FIP111(DMBAP,NaOAc)	  (IE	  =	  44.7,	  indicating	  that	  
this	  FIP	  bound	  44.7%	  more	  of	   inosinic	  acid	  than	  did	  the	  equivalent	  NIP),	   is	  28.4	  for	  
polymer	  FIP111(DMBAP,NaOAc),	  and	  FIP211(DMBAP,NaOAc)	  exhibits	  the	  lowest	  IE	  
(IE	   =	   5.9).	   	   Provisionally,	   at	   least,	   these	   results	   suggest	   that	   polymer	  
FIP111(DMBAP,NaOAc)	  is	  the	  'better'	  MIP,	  in	  the	  sense	  that	  the	  use	  of	  inosinic	  acid	  
as	  a	   template	  during	   its	  preparation	  afforded	   the	  greatest	   increase	   in	   inosinic	  acid	  
uptake	  by	  the	  final	  polymer,	  relative	  to	  its	  NIP.	  
	  
6.2.3	  Afterword 	  
 
Many	   MIPs	   in	   the	   literature	   are	   reported	   alongside	   their	   calculated	   binding	  
constants	  [23,	  192,	  205,	  299],	  as	  determined	  by	  Scatchard	  plots	  or	  similar	  [168].	   	  A	  
binding	   constant	   is	   an	   absolute	   (cf.	   relative)	   value,	   and	   such	   data	   is	   accordingly	  
valuable	  when	  comparing	  polymers	  between	  systems	  and	  outside	  of	  the	  constraints	  
of	   a	   synthetic	  binding	  assay.	  Nonetheless,	  we	  wish	   to	  argue	   that	   such	  data,	  whilst	  
being	   attractive,	   is	   less	   useful	   than	   competition	   constants	   (i.e.	   Imprinting	   Effect	  
values)	   when	   applied	   to	   the	   polymers	   discussed	   in	   this	   chapter.	   	   	   	   Competition	  
constants	   are	   most	   relevant	   here	   because	   they	   give	   an	   indication	   of	   how	   the	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polymers	   will	   perform	   in	   their	   intended	   application	   (i.e.	   phosphate	   monoester	  














Figure	  6-­‐6	  Binding	  Assay	  Substrate	  Selectivity	   in	  pH	  4.0	  Acetate	  Buffer:	   Imprint	  Template	  Molecule	  (Inosinic	  
Acid)	   versus	   Nonphosphorylated	   Analogue	   (Inosine):	   Imprinting	   Effect	   (IE),	   calculated	   from	  NIP	   supernatant	  
concentration	  minus	  FIP	  supernatant	  concentration,	  where	  these	  concentration	  values	  used	  are	  as	  a	  percentage	  
of	  the	  concentrations	  at	  t=0.	  Any	  deviation	  from	  0	  indicates	  a	  difference	  in	  analyte	  uptake	  of	  the	  two	  polymers:	  
a	  positive	  value	  indicates	  that	  the	  FIP	  has	  bound	  more	  than	  the	  NIP;	  conversely,	  a	  negative	  value	  indicates	  that	  
the	  NIP	  has	  bound	  more	  than	  the	  FIP.	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6.3	  	   Binding	  Assays:	  Selective	  Recognition	  of	  Phosphorylated	  
	   Substrates	  other	  than	  the	  Imprint	  Template,	  and	  	  
	   Determination	  of	  Effect	  of	  Solution	  pH	  on	  Recognition	  
	   Performance	  
Our	  next	  investigation	  was	  to	  find	  out	  whether	  the	  polymers,	  in	  particular	  the	  FIPs,	  
recognise	  phosphorylated	  molecules	  other	  than	  inosinic	  acid.	   	   In	  addition,	  we	  were	  
interested	   to	   find	   out	   whether	   they	   would	   exhibit	   phosphoselectivity	   over	  
non-­‐phosphorylated	   molecules	   bearing	   a	   carboxylate	   group	   (near-­‐isostere	   of	   the	  
phosphate	   group),	   since	   acidic	   residues	   (Asp,	   Glu)	   are	   the	   major	   contaminants	   in	  
conventional	   phosphopeptide	   enrichment	   procedures.	   Finally,	   we	   sought	   to	  
investigate	  how	  solution	  pH	  affects	  binding	  performance.	  
6.3.1	  Experimental	  Design	  
An	   array	   of	   18	   batch	   equilibration	   assays	   was	   set	   up.	   	   As	   before,	   each	   assay	  
contained	   just	   one	   polymer	   (a	   FIP	   FIP211(DMBAP,H2O),	   FIP111(DMBAP,NaOAc),	  
FIP211(DMBAP,NaOAc)	   or	   a	   NIP	   NIP210(DMBAP,H2O),	   NIP110(DMBAP,NaOAc),	  
NIP210(DMBAP,NaOAc))	   and	   the	   designated	   analytes	   (Figure	   6-­‐8).	   	   We	   used	   four	  
derivatives	   of	   phospho-­‐serine	   as	   analytes	   (Figure	   6-­‐8),	   since	   serine	   is	   the	   most	  
commonly	  phosphorylated	  residue	   in	  eukaryotic	  proteins.	   	  Thus	  analyte	   i	   (PM)	  was	  
included	   as	   this	   is	   a	   simple	   phosphorylated	   species	   with	   no	   other	   oxyanionic	  
functional	   groups,	   and	   is	   therefore	   expected	   to	   be	   bound	   by	   all	   the	   polymers.	  	  
Analyte	  ii	  (C)	  is	  essentially	  the	  converse	  of	  this,	  containing	  a	  potentially	  competitive	  
functional	  group	  (carboxylate)	  but	  no	  phosphorylated	  moities,	  and	  therefore	  should	  
not	  be	  bound	  by	  any	  of	  the	  polymers.	  	  Analyte	  iii	  (C,	  PM)	  contains	  both	  a	  phosphate	  
monoester	   and	   a	   carboxylate	   group.	   	   Of	   all	   four	   analytes	   included	   in	   the	   present	  
experiment,	   this	   one	   is	   structurally	   most	   similar	   to	   the	   phosphorylated	   peptides	  
typically	   used	   in	   proteomics	   labs	   (which	   require	   to	   be	   enriched	   for	   prior	   to	   MS	  
analysis),	   in	   that	   it	   contains	   a	   carboxylate	   functional	   group	   in	   addition	   to	   a	  
phosphate	  monoester	  (i.e.	  liken	  to	  a	  phosphorylated	  peptide	  also	  containing	  Asp	  or	  
Glu	   residues,	   or	   even	   just	   a	   simple	   C-­‐terminus).	   	   This	   is	   therefore	   expected	   to	   be	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bound	  by	  all	  of	  the	  polymers,	  and	  the	  presence	  of	  the	  carboxylate	  group	  should	  not	  
Figure	  6-­‐8	  Set-­‐up	  of	  Binding	  Assays:	  Selective	  Recognition	  of	  Phosphorylated	  Substrates	  other	  than	  
the	  Imprint	  Template,	  and	  Determination	  of	  Effect	  of	  Solution	  pH	  on	  Recognition	  Performance:	  an	  
equimolar	   solution	   of	   the	   four	   analytes	   in	   the	   designated	   binding	   buffer	   (either	   1:1	   v/v	  
MeCN	  :	  100	  mM	  NaOAc	  [pH	  4.0];	  or	  1:1	  v/v	  MeCN	  :	  100	  mM	  NaOAc	  [pH	  3.0];	  or	  1:1	  v/v	  MeCN	  :	  0.1%	  
TFA	   [pH	  2.2])	   was	   gently	   agitated	   with	   one	   of	   the	   one	   of	   the	   following	   polymers	  	  
FIP211(DMBAP,H2O)/	   NIP210(DMBAP,H2O)	   (FIP	   prepared	   using	   a	   2:1:1	   molar	   ratio	   of	  
ligand	  :	  metal	  :	  template,	   with	   H2O	   [pH	  4.0,	   using	   KOH	   and	   HCl]	   as	   the	   solvent);	  
FIP111(DMBAP,NaOAc)/	   NIP110(DMBAP,NaOAc)	   (FIP	   prepared	   using	   a	   1:1:1	   molar	   ratio	   with	  
500	  mM	   NaOAc	   [pH	  4.0]	   as	   the	   solvent);	   FIP211(DMBAP,NaOAc)/	   NIP210(DMBAP,NaOAc)	   (FIP	  
prepared	   using	   a	   2:1:1	   molar	   ratio	   with	   500	  mM	   sodium	   acetate	   [pH	  4.0]	   as	   the	   solvent).	   	   The	  
corresponding	  NIPs	  were	  prepared	   in	   the	   same	  way	  as	   the	  FIPs	  but	   in	   the	  absence	  of	  a	   template.	  	  
Total	  amount	  of	  analytes	  used	  was	  calculated	  to	  be	  equivalent	  to	  18-­‐26	  mol%	  of	  available	  binding	  
sites	  in	  the	  FIP	  (see	  main	  text).	  	  At	  equilibrium	  (t=65	  h	  for	  pH	  4.0	  experiment,	  t=88	  h	  for	  pH	  3.0	  and	  
2.2	  experiments),	  the	  mixtures	  were	  sedimented	  by	  centrifugation,	  and	  the	  supernatants	  removed.	  	  
The	  polymers	  were	  then	  subjected	  to	  a	  series	  of	  wash	  steps	  (3	  ×	  designated	  binding	  buffer	  and	  3	  ×	  
1:1	  v/v	  MeCN	  :	  H2O)	  and	  elution	  steps	  (2	  ×	  1:1	  v/v	  MeCN	  :	  5%	  H3PO4).	  	  The	  equilibrium	  supernatant	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bound	  by	  all	  of	  the	  polymers,	  and	  the	  presence	  of	  the	  carboxylate	  group	  should	  not	  
interfere	   with	   such	   binding.	   	   Finally,	   analyte	   iv	   (C,	   PD),	   which	   contains	   both	   a	  
carboxylate	   group	   and	   a	   phosphate	   diester,	   was	   included	   purely	   out	   of	   academic	  
interest	   to	   investigate	   whether	   phosphate	   diesters	   are	   recognised	   in	   addition	   to	  
phosphate	  monoesters	   i.e.	   to	  determine	   the	  degree	  of	   specificity	  of	   the	   functional	  
group	  imprinting	  step.	  	  On	  all	  of	  the	  analytes,	  the	  Fmoc	  appendage	  was	  included	  in	  
order	  to	  allow	  for	  UV-­‐detection	  and	  because	  it	  contains	  no	  functional	  groups	  (such	  
as	  oxyanions)	  that	  are	  likely	  to	  be	  recognised	  by	  the	  Ga-­‐functionalised	  binding	  sites.	  	  
Analytes	  ii	  (C),	  iii	  (C,	  PM)	  and	  iv	  (C,	  PD)	  were	  commercially	  available	  whereas	  analyte	  
i	   (PM)	   was	   synthesised	   by	   ourselves,	   adapting	   a	   known	   procedure	   [300].	   	   This	  
involved	  treatment	  of	  2-­‐aminoethyldihydrogen	  phosphate	  with	  TMS-­‐Cl	  and	  NaOAc	  in	  
the	  presence	  of	  Hünig's	  base.	  	  	  
	  
It	   was	   decided	   that	   total	   amount	   of	   analytes	   should	   be	   equal	   to	   20	   mol%	   of	  
estimated	  number	  of	  binding	  sites	  within	  the	  FIP:	  our	  reasoning	  here	  was	  the	  same	  
as	   in	   Section	   6.2.1,	   where	   we	   set	   the	   total	   amount	   of	   analytes	   to	   be	   equal	   to	  
10	  mol%	   of	   estimated	   number	   of	   binding	   sites;	   however,	   since	   there	   are	   four	  
analytes	  in	  the	  present	  experiment,	  we	  set	  the	  total	  to	  20	  mol%	  to	  ensure	  that	  even	  
at	   high	   binding	   differences	   individual	   analytes	   could	   still	   be	   detected	   within	   the	  
detection	  limits	  of	  the	  HPLC.	  	  As	  discussed	  in	  Section	  6.2.1,	  we	  initially	  made	  a	  data	  
handling	   error	   in	   estimating	   the	  binding	   site	   densities.	   	   Therefore	   total	   amount	   of	  
analytes	  was	  in	  effect	  equal	  to:	  26%	  of	  binding	  sites	  in	  FIP211(DMBAP,H2O)	  and	  the	  
corresponding	   NIP;	   18%	   of	   binding	   sites	   in	   FIP111(DMBAP,NaOAc)	   and	   the	  
corresponding	   NIP;	   22%	   of	   binding	   sites	   in	   FIP211(DMBAP,NaOAc)	   and	   the	  
corresponding	  NIP.	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For	   solubility	   reasons,	   the	   binding	   assays	  were	   carried	   out	   in	   a	   1:1	   v/v	  mixture	   of	  
MeCN	  and	  aqueous	  buffer15.	  	  We	  were	  principally	  interested	  in	  finding	  out	  how	  the	  
polymers	   perform	   within	   the	   pH	   range	   2-­‐4,	   particularly	   in	   terms	   of	  
phosphoselectivity.	   	   As	  mentioned	  previously,	   pH	  3-­‐5	   is	   said	   to	   be	   the	  optimal	   pH	  
range	  for	  the	  formation	  of	  stable	  Ga3+	  complexes;	  however,	  since	  the	  analytes	  used	  
have	  different	  ionisation	  states	  within	  the	  pH	  range	  2-­‐4	  (pKa	  carboxylic	  acid:	  approx.	  
3-­‐4;	   pKa	   phosphate	   monoester:	   approx.	   2	   (first	   ionisation),	   6	   (second	   ionisation)	  
[240,	   301]),	   we	   expected	   this	   to	   affect	   the	   degree	   of	   differential	   binding	   to	   the	  
polymers.	  	  As	  aqueous	  buffer	  we	  used	  100	  mM	  NaOAc	  for	  pH	  3.0	  and	  4.0	  and	  0.1%	  
TFA	  for	  pH	  2.2	  (ideally	  we	  would	  have	  used	  acetate	  buffer	  for	  all	  experiments	  but	  pH	  
2	  is	  outside	  of	  the	  ideal	  buffering	  range	  of	  acetate	  (pKa	  4.76)).	  	  	  
	  
                                                
15	  Analytes	  i,	  iii	  and	  iv	  soluble	  in	  100	  mM	  NaOAc	  [pH	  4.0]	  (20	  mg/	  1.5	  mL);	  analytes	  i-­‐iv	  soluble	  in	  1:1	  
v/v	  MeCN	  :	  100	  mM	  NaOAc	   [pH	   4.0]	   (20	  mg/	   1.5	  mL).	   	  MeCN	  used	   as	   co-­‐solvent	   because	   it	   is	   non-­‐
oxyanionic	  as	  well	  as	  water-­‐miscible.	  
Figure	  6-­‐9	  Expansion	  of	  HPLC	  chromatogram	  of	  equimolar	  mixture	  of:	  analyte	  iii	  (C,	  PM)	  [40.3	  min];	  
analyte	   i	   (PM)	   [43.2	  min];	  analyte	   ii	   (C)	   [48.9	  min];	  analyte	   iv	   (C,	   PD)	   [53.1	  min].	   	   HPLC	   set-­‐up	   C	  
(Section	  9.1).	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As	  with	  the	  experiment	  in	  Section	  6.2,	  we	  used	  stock	  solutions	  of	  the	  analytes,	  and	  
subsequent	   stock	   solutions	   of	   equimolar	   mixtures	   of	   the	   analytes,	   to	   avoid	   any	  
errors	  in	  weighing	  out	  analytes	  within	  an	  experiment.	  	  Also	  as	  with	  the	  experiment	  in	  
Section	   6.2,	   fractions	  were	  analysed	  by	  HPLC,	  using	  a	  method	  developed	   to	  afford	  
baseline	  separation	  of	  the	  four	  analytes	  (Figure	  6-­‐9).	  	  Calibration	  curves	  with	  a	  good	  
linear	  fit	  (nine	  data	  points	  for	  each	  analyte)	  afforded	  the	  ε	  values	  in	  Figure	  6-­‐10.	  	  Our	  




6.3.2	  Results	  and	  Discussion 	   	  
	  
Plots	   of	   equilibration	   supernatant	   concentrations	   of	   the	   analytes,	   displayed	   as	   a	  
percentage	   of	   concentrations	   at	   t=0	   (where	   the	   y-­‐axis	   is	   given	   as	   arbitrary,	   for	  
reasons	  described	  in	  Section	  6.2.1),	  are	  shown	  in	  Figure	  6-­‐11	  (data	  also	  presented	  in	  
Tables	  6-­‐3	  to	  6-­‐5.	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Figure	   6-­‐10	   Binding	  Assays:	   Selective	   Recognition	   of	   Phosphorylated	   Substrates	   other	   than	   the	   Imprint	  
Template,	  and	  Determination	  of	  Effect	  of	  Solution	  pH	  on	  Recognition	  Performance:	  Calibration	  curves	  for	  
analytes	   i-­‐iv.	   	   Calibration	   coefficients,	   ε,	   determined	   from	   the	   slope	   of	   the	   curve:	   (analyte	   i	   (PM):	   ε	   =	  
11129	  mVs-­‐1	  mM-­‐1;	  analyte	  ii	  (C):	  ε	  =	  11989	  mVs-­‐1	  mM-­‐1;	  analyte	  iii	  (C,	  PM):	  ε	  =	  12088	  mVs-­‐1	  mM-­‐1;	  analyte	  
iv	  (C,	  PD):	  ε	  =	  14852	  mVs-­‐1	  mM-­‐1).	  	  HPLC	  set-­‐up	  C	  (Section	  9.1).	  
	  
Chapter	  6:	  Small	  Molecule	  Binding	  Assays	  




Figure	  6-­‐11	  Binding	  Assays:	  Selective	   Recognition	   of	  Phosphorylated	  Substrates	  other	   than	   the	   Imprint	  
Template,	   and	   Determination	   of	   Effect	   of	   Solution	   pH	   on	   Recognition	   Performance:	   Plots	   showing	  
supernatant	   concentrations	  of	   the	  analytes	  after	  equilibration,	  as	  a	  percentage	  of	   concentrations	  at	   t=0.	  	  
No	   correction	   has	   been	   applied	   for	   the	  effective	   increase	   in	   equilibration	   solution	  concentration	   due	   to	  
polymer	  swelling,	  therefore	  the	  y-­‐axis	  units	  are	  shown	  as	  arbitrary	  (see	  Section	  6.2.1).	  	  Data	  also	  presented	  
in	  Tables	  6-­‐3	  to	  6-­‐5.	  
Graph	  A:	  FIP211	  vs	  NIP210	  (DMBAP,H2O)	  equilibration	  pH	  =	  2.2	  
Graph	  B:	  FIP111	  vs	  NIP110	  (DMBAP,NaOAc),	  equilibration	  pH	  =	  2.2	  
Graph	  C:	  FIP211	  vs	  NIP210(DMBAP,NaOAc),	  equilibration	  pH	  =	  2.2	  
Graph	  D:	  FIP211	  vs	  NIP210(DMBAP,H2O),	  equilibration	  pH	  =	  3.0	  
Graph	  E:	  FIP111	  vs	  NIP110(DMBAP,NaOAc),	  equilibration	  pH	  =	  3.0	  
Graph	  F:	  FIP211	  vs	  NIP210(DMBAP,NaOAc),	  equilibration	  pH	  =	  3.0	  
Graph	  G:	  FIP211	  vs	  NIP210(DMBAP,H2O),	  equilibration	  pH	  =	  4.0	  
Graph	  H:	  FIP111	  vs	  NIP110(DMBAP,NaOAc),	  equilibration	  pH	  =	  4.0	  
Graph	  I:	  FIP211	  vs	  NIP210(DMBAP,NaOAc),	  equilibration	  pH	  =	  4.0	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   FIP	   NIP	   FIP	   NIP	   FIP	   NIP	   FIP	   NIP	  
	   Analyte	  i	  (PM)	   Analyte	  ii	  (C)	   Analyte	  iii	  (C,	  PM)	   Analyte	  iv	  (C,	  PD)	  
pH	  2.2	  
(figure	  6-­‐11-­‐B)	   2.1	   11.5	   39.6	   35.7	   0.0	   0.0	   0.0	   0.0	  
pH	  3.0	  
(figure	  6-­‐11-­‐E)	   27.6	   67.9	   72.9	   77.8	   0.3	   13.6	   21.5	   24.2	  
pH	  4.0	  
(figure	  6-­‐11-­‐H)	   17.9	   50.3	   96.3	   91.6	   0.0	   2.7	   6.2	   5.6	  
	  
Table	   6-­‐3,	   Binding	   Assays:	   Selective	   Recognition	   of	   Phosphorylated	   Substrates	   other	   than	   the	   Imprint	  
Template,	   and	   Determination	   of	   Effect	   of	   Solution	   pH	   on	   Recognition	   Performance,	   polymers	  
FIP111(DMBAP,NaOAc)	   and	   NIP110(DMBAP,NaOAc):	   Supernatant	   concentrations	   of	   the	   analytes	   at	  
equilibrium	  as	  a	  percentage	  of	   the	  concentration	  at	   t=0	   ,	  with	  arbitrary	  units	  used	  due	   to	   the	  explanation	  
given	  in	  Section	  6.2.1.	  	  Refer	  also	  to	  Figures	  6-­‐11-­‐B,	  -­‐E	  and	  -­‐H.	  
	   FIP	   NIP	   FIP	   NIP	   FIP	   NIP	   FIP	   NIP	  
	   Analyte	  i	  (PM)	   Analyte	  ii	  (C)	   Analyte	  iii	  (C,	  PM)	   Analyte	  iv	  (C,	  PD)	  
pH	  2.2	  
(figure	  6-­‐11-­‐C)	   8.7	   11.4	   54.6	   89.6	   0.0	   0.0	   0.0	   7.8	  
pH	  3.0	  
(figure	  6-­‐11-­‐F)	   55.3	   60.3	   81.4	   84.6	   6.4	   8.8	   32.7	   50.6	  
pH	  4.0	  
(figure	  6-­‐11-­‐I)	   42.2	   57.7	   104.6	   121.5	   1.7	   5.1	   9.1	   20.6	  
	  
Table	   6-­‐4,	   Binding	   Assays:	   Selective	   Recognition	   of	   Phosphorylated	   Substrates	   other	   than	   the	   Imprint	  
Template,	   and	   Determination	   of	   Effect	   of	   Solution	   pH	   on	   Recognition	   Performance,	   polymers	  
FIP211(DMBAP,NaOAc)	   and	   NIP210(DMBAP,NaOAc):	   Supernatant	   concentrations	   of	   the	   analytes	   at	  
equilibrium	  as	  a	  percentage	  of	  concentration	  at	  t=0,	  with	  arbitrary	  units	  used	  due	  to	  the	  explanation	  given	  in	  
Section	  6.2.1.	  	  Refer	  also	  to	  Figures	  6-­‐11-­‐C,	  -­‐F	  and	  -­‐I.	  	  
	   FIP	   NIP	   FIP	   NIP	   FIP	   NIP	   FIP	   NIP	  
	   Analyte	  i	  (PM)	   Analyte	  ii	  (C)	   Analyte	  iii	  (C,	  PM)	   Analyte	  iv	  (C,	  PD)	  
pH	  2.2	  
(figure	  6-­‐11-­‐A)	  
2.0	   7.7	   28.1	   34.6	   0.0	   0.0	   0.0	   0.0	  
pH	  3.0	  
(figure	  6-­‐11-­‐D)	   29.4	   53.1	   70.8	   73.1	   0.5	   8.4	   17.4	   21.8	  
pH	  4.0	  
(figure	  6-­‐11-­‐G)	   24.4	   41.2	   67.0	   66.3	   0.7	   2.6	   5.2	   5.7	  
	  
Table	   6-­‐5,	   Binding	   Assays:	   Selective	   Recognition	   of	   Phosphorylated	   Substrates	   other	   than	   the	   Imprint	  
Template,	   and	   Determination	   of	   Effect	   of	   Solution	   pH	   on	   Recognition	   Performance,	   polymers	  
FIP211(DMBAP,H2O)	  and	  NIP210(DMBAP,H2O):	  Supernatant	  concentrations	  of	  the	  analytes	  at	  equilibrium	  as	  a	  
percentage	  of	   concentration	  at	   t=0,	  with	  arbitrary	  units	  used	  due	   to	   the	  explanation	  given	   in	   Section	   6.2.1.	  	  	  
Refer	  also	  to	  Figures	  6-­‐11-­‐A,	  -­‐D	  and	  -­‐G.	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The	   first	   selectivity	   feature	   to	   note	   is	   that	   all	   of	   the	   polymers	   recognise	  
phosphorylated	  species	  other	   than	  that	  which	  was	  used	  as	   the	  template	  molecule.	  	  
This	   is	   a	   promising	   result	   and	   indicates	   that	   we	   do	   not	   simply	   have	   conventional	  
MIPs.	   	   In	   simple	   terms,	   this	   can	  be	   taken	  as	   evidence	   that	   our	   choice	  of	   template	  
molecule	   and	   functional	   monomer	   -­‐	   where	   the	   only	   intermolecular	   interactions	  
present	  were	   designed	   to	   involve	   the	   phosphate	   group	   -­‐	   did	   not	   create	   a	   specific	  
molecular	   imprint	  for	  the	  hypoxanthine	  part	  of	  the	  template,	  as	  was	  the	   intention.	  	  
Of	   course,	   this	   result	   alone	   does	   not	   confirm	   that	   we	   have	   functional	   group	  
imprinted	  polymers:	  only	  that	  the	  polymers	  are	  promiscuous/	  cross-­‐reactive.	  	  	  
	  
Next	   it	   is	   apparent	   that,	   with	   all	   polymers	   (FIP111(DMBAP,NaOAc),	  
NIP110(DMBAP,NaOAc),	   FIP211(DMBAP,NaOAc),	   NIP210(DMBAP,NaOAc),	  
FIP211(DMBAP,H2O),	  NIP210(DMBAP,H2O))	  and	  at	  all	  pH	  values	   (2.2;	  3.0;	  4.0),	   the	  
following	  trend	  was	  present:	  	  
	  
LEAST	  BOUND	   	   	   MOST	  BOUND	  
analyte	  ii	  (C)	  <	   analyte	  i	  (PM)	  <	   analyte	  iv	  (C,	  PD)	  <	   analyte	  iii	  (C,	  PM)	  
	  
Discussing	   first	  analyte	   ii	   (C),	  which	  was	   least	  bound:	   the	  amount	  of	  analyte	   ii	   (C)	  
remaining	  in	  solution	  at	  equilibrium	  ranged	  from	  just	  over	  1.1	  times	  more	  than	  the	  
next	   least	   bound	   analyte,	   analyte	   i	   (PM)	   (Figure	   6-­‐11-­‐E,	   pH	   3.0,	   polymer	  
NIP110(DMBAP,NaOAc))	  to	  almost	  8	  times	  more	  than	  the	  next	  least	  bound	  analyte,	  
analyte	   i	   (PM)	   (Figure	  6-­‐11-­‐C,	  pH	  2.2,	  polymer	  NIP210(DMBAP,NaOAc)).	   	  Recalling	  
that	  analyte	   ii	   (C)	   is	   not	   phosphorylated	  but	   does	   contain	   a	   carboxylate	   terminus,	  
this	  is	  in	  itself	  a	  promising	  result	  and	  provides	  provisional	  evidence	  that	  the	  polymers	  
are	   generally	   phosphoselective.	   	   It	   bodes	   well	   for	   a	   tool	   designed	   to	   selectively	  
extract	  the	  phosphorylated	  species	  from	  a	  mixture.	  
	  
Next,	   it	   is	   promising	   that	   both	   of	   the	   analytes	   containing	   a	   phosphate	  monoester	  
(analyte	  i	  (PM)	  and	  analyte	  iii	  (C,	  PM))	  were	  recognised	  by	  all	  of	  the	  polymers,	  given	  
that	   the	   ultimate	   intended	   application	   of	   our	   FIP	   is	   to	   selectively	   enrich	   for	   all	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phosphorylated	  species	   from	  a	  mixture.	   	  However	   it	   is	   interesting	  that,	   throughout	  
each	  of	  the	  assays,	  the	  dianionic	  analyte	  analyte	  iii	  (C,	  PM)	  was	  preferentially	  bound	  
over	  the	  monoanionic	  analytes.	  	  However,	  it	  can	  be	  explained	  on	  the	  understanding	  
that	  multivalent	  binding	   is	  stronger	  than	  monovalent	  binding,	  for	  entropic	  reasons.	  	  
This	   leads	  to	  the	  question	  as	  to	  whether,	  for	  example,	  a	  peptide	  containing	  a	   large	  
number	   of	   carboxylated	   residues	   but	   no	   phosphate	   group	   would	   be	   bound	   with	  
equal	  or	  greater	  strength	  than	  a	  phosphopeptide	  with	  few	  acidic	  residues.	  	  Obviously	  
this	  would	   be	   undesirable	   and	   is	   something	   that	   should	   be	   investigated	   at	   a	   later	  
date.	  	  	  
	  
Next,	  we	  note	  that	  the	  analyte	  containing	  both	  a	  carboxylate	  group	  and	  a	  phosphate	  
diester	  was	  recognised	  by	  the	  polymers,	  even	  though	  [the	  FIPs]	  were	  imprinted	  with	  
a	  phosphate	  monoester	  functional	  group.	  	  It	  indicates	  that,	  on	  a	  molecular	  level,	  the	  
substructure	  that	   interacts	  with	  the	  Ga-­‐containing	  recognition	  sites	   is	   the	  same	  for	  
both	  the	  phosphate	  monoester	  and	  the	  phosphate	  diester.	  
 
6.3.2.1	   What	  is	  the	  ideal	  pH	  for	  phosphate	  monoester	  	  
	   	   enrichment,	  in	  terms	  of	  getting	  the	  balance	  	  
	   	   between	  maximal	  uptake	  of	  phosphorylated	  	  
	   	   species	  and	  minimal	  uptake	  of	  	   	   	   	  
	   	   non-­‐phosphorylated	  species?	  	  	  
 
The	  equilibrations	  were	  run	  at	  three	  different	  pH	  values:	  pH	  4.0;	  pH	  3.0;	  and	  pH	  2.2,	  
since	  this	  covers	  what	   is	  understood	  to	  be	  the	   ideal	  pH	  range	  for	   the	   formation	  of	  
stable	  Ga(III)-­‐mediated	  complexes	  (Section	  4.3.2).	  	  In	  terms	  of	  phosphate	  monoester	  
enrichment,	  one	  method	  of	  determining	  which	  is	  the	  ideal	  equilibration	  pH	  for	  each	  
polymer	   is	   to	   first	   calculate	   which	   pH	   gives	   the	   greatest	   difference	   between	  
percentage	  uptake	  of	  analytes	  i	  (PM)	  and	  ii	  (C)	  (for	  each	  FIP),	  whilst	  also	  considering	  
which	  pH	  gives	  a	   relatively	  high	  uptake	  of	  analyte	   i	   (PM)	   in	  general,	   since	  both	  of	  
these	   factors	   are	   of	   arguably	   equal	   importance	   for	   phosphate	   monoester	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enrichment.	  	  Thus,	  looking	  at	  the	  results	  in	  Figure	  6-­‐11	  (and	  Tables	  6-­‐3	  to	  6-­‐5),	  the	  
difference	   between	   percentage	   uptake	   of	   analyte	   i	   (PM)	   and	   of	   analyte	   ii	   (C)	   is	  
[determined	  by	  calculating	  value	  of	  analyte	  i	  (PM)	  as	  a	  percentage	  of	  analyte	  ii	  (C),	  
largest	  difference	  underlined]	  (Figure	  6-­‐11a):	  
	  
FIP211(DMBAP,	  H2O):	  7.1%	  (pH	  2.2);	  42.0%	  (pH	  3.0);	  36.4%	  (pH	  4.0).	  
FIP111(DMBAP,	  NaOAc):	  5.3%	  (pH	  2.2);	  37.9%	  (pH	  3.0);	  18.6%	  (pH	  4.0).	  
FIP211(DMBAP,	  NaOAc):	  15.9%	  (pH	  2.2);	  67.9%	  (pH	  3.0);	  40.3%	  (pH	  4.0).	  
Then,	  comparing	  which	  pH	  gives	  the	  greatest	  uptake	  of	  analyte	   i	   (PM)	  for	  each	  FIP	  
(Figure	  6-­‐11b):	  
FIP211(DMBAP,	  H2O):	  2.0	  (pH	  2.2);	  29.4	  (pH	  3.0);	  24.4	  (pH	  4.0).	  
FIP111(DMBAP,	  NaOAc):	  2.1	  (pH	  2.2);	  27.6	  (pH	  3.0);	  17.9	  (pH	  4.0).	  
FIP211(DMBAP,	  NaOAc):	  8.7	  (pH	  2.2);	  55.3	  (pH	  3.0);	  42.2	  (pH	  4.0).	  
	  
From	  the	  above	  comparisons	  it	  is	  evident	  that	  pH	  2.2	  is	  the	  least	  useful	  equilibration	  
pH,	  in	  that	  it	  results	  in	  neither	  the	  greatest	  difference	  between	  uptake	  of	  analytes	  i	  
(PM)	  and	   ii	   (C)	  nor	  the	  overall	  greatest	  uptake	  of	  analyte	   i	   (PM).	   	  For	  all	  polymers,	  
the	  greatest	  difference	  between	  uptake	  of	  analytes	   i	   (PM)	  and	   ii	   (C)	  was	  at	  pH	  3.0	  
and	  the	  greatest	  overall	  uptake	  of	  analyte	   i	   (PM)	  was	  also	  at	  pH	  3.0.	  We	  therefore	  
conclude	   that	   pH	   3.0	   is	   optimal	   for	   phosphopeptide	   enrichment,	   and	   any	   further	  
focus	   on	   optimal	   experimental	   variables	   should	   be	   in	   terms	   of	   which	   is	   the	   best	  
polymer.	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Figure	   6-­‐11b	   Binding	   Assays:	   Selective	   Recognition	   of	   Phosphorylated	   Substrates	   other	   than	   the	  
Imprint	   Template,	   and	   Determination	   of	   Effect	   of	   Solution	   pH	   on	   Recognition	   Performance:	   Plots	  
showing	   supernatant	   concentrations	   of	   analyte	   i	   (PM)	   after	   equilibration,	   as	   a	   percentage	   of	  
concentrations	  at	  t=0.	  	  No	  correction	  has	  been	  applied	  for	  the	  effective	  increase	  in	  equilibration	  solution	  
concentration	  due	   to	  polymer	   swelling,	   therefore	   the	  y-­‐axis	  units	  are	   shown	  as	  arbitrary	   (see	  Section	  
6.2.1).	  
	  
(Data	  shown	  in	  alternative	  format	  in	  Figure	  6-­‐11) 
Figure	  6-­‐11a	  Binding	  Assays:	  Selective	  Recognition	  of	  Phosphorylated	  Substrates	  other	  than	   the	  Imprint	  
Template,	   and	   Determination	   of	   Effect	   of	   Solution	   pH	   on	   Recognition	   Performance:	   Plots	   showing	  
difference	  between	  percentage	  uptake	  of	  analyte	  i	  (PM)	  and	  analyte	  ii	  (C),	  determined	  by	  calculating	  value	  
of	  analyte	   i	   (PM)	   as	   a	  percentage	   of	  analyte	   ii	   (C)	   (from	   Tables	   6-­‐3	   to	   6-­‐5)	   in	   order	   to	   ascertain	  which	  
equilibration	  pH	  is	  optimal	  for	  phosphate	  monoester	  enrichment.	  
	  
(Data	  shown	  in	  alternative	  format	  in	  Figure	  6-­‐11)	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6.3.2.2	   Which	  is	  the	  best	  FIP	  in	  terms	  of	  suitability	  for	  	  
	   	   phosphopeptide	  enrichment?	  
 
Looking	  now	  only	  at	  pH	  3.0	  and	  pH	  4.0,	  polymer	  FIP211(DMBAP,	  NaOAc)	  at	  pH	  3.0	  
exhibits	  the	  greatest	  difference	  between	  percentage	  uptake	  of	  analytes	  i	  (PM)	  and	  ii	  
(C)	   (Section	   6.3.2.1),	  whilst	   the	   same	  polymer	   at	   pH	  3.0	   also	   exhibits	   the	   greatest	  
uptake	  of	  analyte	  i	  (PM).	  	  Therefore,	  the	  best	  polymer	  and	  optimal	  equilibration	  pH	  
for	  phosphopeptide	  enrichment	  are	  polymer	  FIP211(DMBAP,	  NaOAc)	  at	  pH	  3.0.	  
 
6.3.2.3	   Is	   there	   evidence	  of	   a	   functional	   group	   imprinting	  
	   	   effect?	  
 
The	   previous	   discussions	   were	   focused	   mainly	   on	   analyte	   uptake	   by	   the	   FIPs,	  
temporarily	  disregarding	  the	  NIPs.	  	  We	  then	  calculated	  the	  IE	  for	  all	  analytes	  (Figure	  
6-­‐12),	   to	   show	   the	   difference	   in	   uptake	   of	   a	   particular	   analyte	   by	   a	   FIP	   and	   its	  
cognate	  NIP	  at	  constant	  pH.	  	  This	  was	  to	  determine	  to	  what	  degree	  analyte	  uptake	  
and	  also	  selectivity	  were	  due	  specifically	  to	  a	  functional	  group	  imprinting	  effect.	  	  	  
	  
Figure	  6-­‐12	  highlights	  a	  particularly	  promising	  result:	   for	  sets	  FIP211(DMBAP,H2O)/	  
NIP210(DMBAP,H2O)	  and	  FIP111(DMBAP,NaOAc)/	  NIP110(DMBAP,NaOAc)	  at	  pH	  3	  
and	  4,	  the	  greatest	   IE	   is	   for	  analyte	   i	  (PM).	   	  For	  example,	  the	  analyte	   i	  (PM)	   IE	  for	  
polymers	  FIP111(DMBAP,NaOAc)/	  NIP110(DMBAP,NaOAc)	  at	  pH	  3	  is	  40.3,	  meaning	  
that	  FIP	  FIP111(DMBAP,NaOAc)	  bound	  40.3%	  more	  of	  analyte	   i	   (PM)	   than	  did	  NIP	  
NIP110(DMBAP,NaOAc).	  	  Thus,	  whilst	  Figure	  6-­‐11	  shows	  that	  analyte	  iii	  (C,	  PM)	  was	  
generally	  most	  bound	  by	   the	  polymers,	   the	  abovementioned	  results	  show	  that	   the	  
greatest	   depletion	   due	   specifically	   to	   the	   imprinting	   step	   was	   of	   analyte	   i	   (PM).	  	  
Analyte	  i	  (PM)	  is	  phosphorylated	  but	  non-­‐carboxylated.	  	  Based	  on	  these	  results,	  one	  
can	   suggest	   that	   FIPs	   FIP211(DMBAP,H2O)	   and	   FIP111(DMBAP,NaOAc)	   exhibit	  
imprinting-­‐induced	   selectivity	   for	   the	   phosphate	   functional	   group	   at	   pH	   3-­‐4,	  
providing	  initial	  validation	  in	  favour	  of	  the	  functional	  group	  imprinting	  concept.	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The	  'best'	  FIP	  (in	  terms	  of	  imprinting-­‐induced	  selectivity),	  as	  well	  as	  the	  optimal	  pH,	  
is	  identified	  as	  polymer	  FIP111(DMBAP,NaOAc):	  
	  
FIP111(DMBAP,NaOAc)/	  NIP110(DMBAP,NaOAc),	  pH	  3.0	  (analyte	  i	  IE	  =	  40.3)	  
FIP111(DMBAP,NaOAc)/	  NIP110(DMBAP,NaOAc),	  pH	  4.0	  (analyte	  i	  IE	  =	  32.4)	  
	  





Figure	  6-­‐12	  Binding	  Assays:	  Selective	  Recognition	  of	  Phosphorylated	  Substrates	  other	  than	  the	  Imprint	  
Template,	  and	  Determination	  of	  Effect	  of	  Solution	  pH	  on	  Recognition	  Performance:	  Imprinting	  Effect	  (IE),	  
calculated	   from	   NIP	   supernatant	   concentration	   at	   equilibrium	   minus	   FIP	   supernatant	   concentration	   at	  
equilibrium,	  where	  these	  concentration	  values	  used	  are	  as	  a	  percentage	  of	  the	  concentrations	  at	  t=0.	  Any	  
deviation	  from	  0	   indicates	  a	  difference	   in	  analyte	  uptake	  of	  the	  two	  polymers:	  a	  positive	  value	   indicates	  
that	  the	  FIP	  has	  bound	  more	  than	  the	  NIP;	  conversely,	  a	  negative	  value	  indicates	  that	  the	  NIP	  has	  bound	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   pH	  2.2	   pH	  3.0	   pH	  4.0	   pH	  2.2	   pH	  3.0	   pH	  4.0	   pH	  2.2	   pH	  3.0	   pH	  4.0	  
analyte	  i	  
(PM)	  
5.8	   23.7	   16.7	   9.4	   40.3	   32.4	   2.7	   5.1	   15.5	  
analyte	  ii	  
(C)	  
6.5	   2.3	   -­‐0.7	   -­‐4.0	   4.9	   -­‐4.6	   35.0	   3.2	   16.9	  
analyte	  iii	  
(C,	  PM)	  
0.0	   8.0	   1.9	   0.0	   13.4	   2.7	   0.0	   2.4	   3.4	  
analyte	  iv	  
(C,	  PD)	  
0.0	   4.4	   0.4	   0.0	   2.7	   -­‐0.5	   7.8	   17.9	   11.6	  
	  
Table	  6-­‐6,	  Binding	  Assays:	  Selective	  Recognition	  of	  Phosphorylated	  Substrates	  other	   than	   the	   Imprint	  
Template,	   and	   Determination	   of	   Effect	   of	   Solution	   pH	   on	   Recognition	   Performance:	   Imprinting	   Effect	  
(IE),	  calculated	  from	  NIP	  supernatant	  concentration	  at	  equilibrium	  minus	  FIP	  supernatant	  concentration	  
at	  equilibrium	  ,	  where	  these	  concentration	  values	  used	  are	  as	  a	  percentage	  of	  the	  concentrations	  at	  t=0.	  
Any	   deviation	   from	   0	   indicates	   a	   difference	   in	   analyte	   uptake	   of	   the	   two	   polymers:	   a	   positive	   value	  
indicates	  that	  the	  FIP	  has	  bound	  more	  than	  the	  NIP;	  conversely,	  a	  negative	  value	   indicates	  that	  the	  NIP	  
has	  bound	  more	  than	  the	  FIP.	   	  Greatest	  analyte	   IE	   for	  each	  assay	  highlighted	   in	  orange	  text.	   	  Data	  also	  
presented	  in	  Figure	  6.12.	  
	  
This	   result	   therefore	   indicates	   that	   the	   optimal	   functional	   monomer	   /	   gallium	   /	  
template	  ratio,	  as	  well	  as	  polymerisation	  solvent,	  for	  the	  preparation	  of	  a	  phosphate	  
functional	   group	   imprinted	   polymer	   is	   that	   which	   was	   used	   to	   prepare	   polymer	  	  
FIP111(DMBAP,NaOAc).	   	   From	   this	   one	   can	   argue	   that	   the	   most	   stable	   pre-­‐
polymerisation	  complex	  is	  either	  (75)	  or	   (77)	  from	  Figure	  4-­‐7	  (overleaf,	  reproduced	  
from	  Chapter	  4).	  	  	  
	  
Polymers	   FIP211(DMBAP,NaOAc)	   and	   FIP211(DMBAP,H2O),	   which	   were	   prepared	  
using	  a	  2:1:1	  ratio	  of	  functional	  monomer	  /	  gallium	  /	  template,	  presumably	  contain	  a	  
stoichiometric	  excess	  of	  functional	  monomer.	   	   In	  theory,	  this	  should	  not	  result	   in	  a	  
polymer	  that	  performs	  any	  less	  well	  than	  polymer	  FIP111(DMBAP,NaOAc),	  since	  the	  
excess	   of	   functional	   monomer	   would	   have	   no	   coordinated	   Ga(III)	   ion,	   and	   would	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therefore	   not	   bind	   to	   oxyanions;	   it	   would	   essentially	   be	   redundant.	   	   However,	   in	  
practicality,	   all	   polymers	   were	   subjected	   to	   a	   metal	   re-­‐loading	   step	   following	  
template	   removal,	   since	   it	   was	   observed	   that	   the	   template	   removal	   step	   also	  
removed	  some	  or	  all	  of	  the	  metal	  from	  the	  polymers	  (indicated	  by	  the	  use	  of	  Xylenol	  
Orange	   indicator	   -­‐	   see	   Section	   9.2	   and	   relevant	   polymer	   preparation	   description,	  
Section	  9.4).	   	   In	  hindsight	  one	  can	  now	  see	  that	  this	  would	  serve	  to	  chelate	  to	  any	  
excess	   functional	  monomer	   (in	  addition	   to	   replacing	  any	  Ga(III)	   that	  was	  displaced	  
from	   proper	   imprinted	   binding	   sites	   during	   the	   template	   removal	   step),	   thereby	  
creating	  non-­‐imprinted	  binding	  sites	  within	  an	  already	  imprinted	  polymer.	  
Figure	   4-­‐7,	   reproduced	   from	   Chapter	   4:	   Suggested	   possible	   complexation	   structures	   of	   Ga(III)-­‐mediated	  
phosphomonoester	   recognition	   by	   ligand	   74,	   based	   on	   what	   is	   known	   about	   related	   structures	   in	   the	  
literature.	  	  	  
Postscript:	  Results	  in	  Section	  6.3.2.3	  suggest	  that	  complexes	  (75)	  or	  (77)	  are	  most	  stable.	  
(75)	  
(76)	  
(77)	   (78)	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6.3.2.4	   What	  was	  washed	  out/	  eluted	  in	  each	  wash/	  	  
	   	   elution	  step	  (further	  quantitative	  analysis	  for	  	  
	   	   binding	  assay	  run	  at	  pH	  3.0)	  
 
Finally,	   the	   binding	   assay	   run	   at	   pH	   3.0	   was	   chosen	   for	   further,	   more	   extensive	  
quantitive	  analysis	  than	  was	  carried	  out	  for	  the	  other	  experiments	  mentioned	  in	  this	  
chapter.	   	   This	   was	   done	   so	   that	   a	   complete	   analyte	   distribution	   profile	   could	   be	  
constructed,	   enabling	   one	   to	   visualise	   exactly	   which	   analytes	   were	   washed	  
out/eluted	   in	   each	   of	   the	   wash	   and	   elution	   steps,	   thereby	   providing	   further	  
information	  as	  to	  the	  binding	  performance	  of	  the	  polymers.	  	  Thus,	  the	  equilibration	  
supernatant,	  all	  six	  wash	  steps	  and	  both	  elution	  steps	  were	  quantitatively	  analysed	  
as	   follows:	   the	  molar	   concentration	  of	   each	  analyte	  within	  each	  of	   these	   fractions	  
was	   determined	  by	   correlating	  HPLC	   peak	   areas	  with	   values	   of	   ε	   established	   from	  
calibration	   curves.	   	   Since	   the	   accompanying	   polymer	   swelling	   meant	   that	   these	  
values	   could	  not	  be	   compared	  with	   those	  at	   t=0,	   the	   volume	  of	   each	   fraction	  was	  
accurately	   measured	   prior	   to	   HPLC	   analysis	  16,	   to	   obtain	   molar	   amounts	   of	   each	  
analyte	   within	   the	   fraction.	   	   From	   this	   a	   total	   analyte	   distribution	   profile	   was	  
constructed	   for	   the	  experiment	   run	  at	  pH	  3.0	   (Figure	  6-­‐15).	   	  An	  expansion	  of	   this,	  
showing	  analyte	  distributions	  within	  each	  of	  the	  six	  wash	  steps,	  is	  in	  Figure	  6-­‐16.	  
	  
Firstly,	  Figure	  6-­‐15	  shows	  that	  everything	  that	  was	  going	  to	  be	  displaced	  by	  the	  wash	  
steps	  was	  indeed	  displaced	  by	  the	  fourth	  wash	  step	  (W4);	  this	  confirms	  that	  a	  total	  
of	  six	  wash	  steps	  was	  more	  than	  sufficient	  for	  the	  experiment.	  
	  
                                                
16	  volume	  measured	  using	  500	  µL	  GASTIGHT®	  syringe,	  to	  the	  nearest	  5	  µL.	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Secondly,	  Figure	  6-­‐16	  reiterates	  the	  conclusions	  drawn	  earlier:	  that	  less	  of	  analyte	  ii	  
(C)	   was	   bound	   by	   each	   of	   the	   polymers	   at	   all	   pH	   values	   than	   any	   of	   the	   other	  
analytes,	  and	  that	  analyte	  iii	   (C,	  PM)	  was	  most	  bound.	  	  Intriguingly,	  these	  data	  also	  
suggest	  that	  total	  recovery	  of	  each	  of	  the	  analytes	  was	  not	  always	  equal	  to	  100%	  of	  
the	  starting	  amounts.	   	   Indeed,	  total	  recovery	  ranges	  from	  74%	  (analyte	   iii	   (C,	  PM),	  
NIP210(DMBAP,H2O))	   to	   107%	   (analyte	   ii	   (C),	   FIP111(DMBAP,NaOAc)).	   	   Possible	  
explanations	  for	  this	  discrepancy	  are:	  that	  just	  two	  extraction	  steps	  were	  insufficient	  
to	  displace	  all	  of	  the	  bound	  analytes;	  limitations	  in	  the	  method	  of	  quantitation	  (e.g.	  
HPLC	   LOD);	   handling	   loss	   upon	  measuring	   the	   volume	  of	   each	   fraction;	   inaccuracy	  
upon	  measuring	  the	  volume	  of	  each	  fraction	  (±2.5	  µL	  is	  equivalent	  to	  approx.	  0.8%	  
of	  300	  µL).	  	  
	  
6.4	  	   Binding	  Assay:	  Selective	  Recognition	  of	  a	  Phosphoserine	  
	   Derivative	  over	  Other	  (Nonphosphorylated)	  Oxyanions	  
	  
Our	  next	  experiment	  was	  to	  establish	  whether	  the	  polymers	  show	  phosphoselective	  
recognition	  over	  an	  even	  greater	  range	  of	  potentially	  competitive	  functional	  groups	  
than	  in	  the	  previous	  experiments	  (carboxylate,	  phosphonate,	  sulfate,	  sulfonate).	  	  If	  a	  
FIP	   shows	   greater	   phosphoselectivity	   than	   its	   NIP	   (imprinting-­‐induced	  
phosphoselectivity),	   then	   this	  would	   provide	   compelling	   evidence	   in	   favour	   of	   the	  
functional	  group	  imprinting	  concept.	  
 
6.4.1	  Experimental	  Design	  
 
Six	   batch	   equilibration	   assays	   were	   set	   up.	   	   Each	   assay	   contained	   a	   single	   FIP	  
FIP211(DMBAP,H2O),	   FIP111(DMBAP,NaOAc),	   FIP211(DMBAP,NaOAc)	   or	   	   NIP	  
(NIP210(DMBAP,H2O),	   NIP110(DMBAP,NaOAc),	   NIP210(DMBAP,NaOAc))	   and	   the	  
designated	  analytes	  (Figure	  6-­‐17).	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Analogues	   of	   Fmoc(CH2)2-­‐PO3H2	   ("PHOS")	   were	   chosen	   as	   the	   competing	   analytes	  
(Figure	  6-­‐18).	  	  Fmoc-­‐β-­‐alanine	  ("CARBOX")	  was	  commercially	  available	  but	  the	  other	  
analytes	  were	  custom	  synthesised,	  adapting	  the	  procedure	  of	  Li	  et	  al.,	  which	  relates	  
to	  the	  phosphate	  monoester	  analogue	  [300].	   	  Thus	  the	  sulfated	  derivative	  ("SULF")	  
was	  isolated	  as	  the	  Hünig's	  base	  salt	   in	  53%	  yield	  whilst	  the	  sulfonated	  ("SULFON")	  
species	   and	   the	   phosphonylated	   species	   ("PHOSPHON")	   were	   isolated	   as	   the	   free	  
acids	   (22%	  and	  7%	  yield	  respectively).	   	  We	  attribute	   these	   low	  yields	   to	   the	   'slimy'	  
nature	   of	   the	   products	   (due	   to	   hygroscopic	   nature?),	   which	   were	   consequently	  
difficult	  to	  isolate	  via	  precipitation	  and	  filtration.	  	  	  
1
Figure	   6-­‐17	   Set-­‐up	   of	   binding	  
assay:	   Selective	   Recognition	   of	   a	  
Phosphoserine	   Derivative	   over	  
Other	   (Nonphosphorylated)	  
Oxyanions:	  an	  equimolar	  solution	  
of	   the	   five	   analytes	   in	   100mM	  
NaOAc	   [pH	   3.0]	   was	   gently	  
agitated	  with	  one	  of	  the	  following	  
polymers	   	   FIP211(DMBAP,H2O)/	  
NIP210(DMBAP,H2O)	   (FIP	  
prepared	  using	  a	  2:1:1	  molar	  ratio	  
of	   ligand	  :	  metal	  :	  template,	   with	  
H2O	   [pH	  4.0,	   using	   KOH	   and	   HCl]	  
as	   the	   solvent);	  
FIP111(DMBAP,NaOAc)/	  
2
NIP110(DMBAP,NaOAc)	   (FIP	  prepared	   using	   a	  1:1:1	  molar	   ratio	  with	  500	  mM	  NaOAc	   [pH	  4.0]	  as	   the	  
solvent);	  FIP211(DMBAP,NaOAc)/	  NIP210(DMBAP,NaOAc)	  (FIP	  prepared	  using	  a	  2:1:1	  molar	  ratio	  with	  
500	  mM	  sodium	  acetate	  [pH	  4.0]	  as	  the	  solvent).	  	  The	  corresponding	  NIPs	  were	  prepared	  in	  the	  same	  
way	  as	  the	  FIPs	  but	  in	  the	  absence	  of	  a	  template.	  Total	  amount	  of	  analytes	  used	  was	  calculated	  to	  be	  
equivalent	  to	  18-­‐26	  mol%	  of	  available	  binding	  sites	  in	  the	  FIP	  (see	  main	  text).	  	  At	  t=68.5	  h,	  the	  mixtures	  
were	  sedimented	  by	  centrifugation,	  and	  the	  supernatants	  removed.	  	  The	  polymers	  were	  then	  subjected	  
to	  a	  series	  of	  wash	  steps	  (3	  ×	  1:1	  v/v	  MeCN	  :	  100	  mM	  NaOAc	  [pH	  4.0]	  and	  3	  ×	  1:1	  v/v	  MeCN	  :	  H2O)	  and	  
elution	  steps	  (2	  ×	  1:1	  v/v	  MeCN	  :	  5%	  H3PO4).	   	  The	  t=68.5	  h	  equilibration	  supernatant	  and	  first	  elution	  
step	  (E1)	  fractions	  were	  analysed	  by	  HPLC.	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The	  products	  were	  not	  evidently	  amenable	  to	  purification	  via	  silica	  or	  rp-­‐silica.	  	  Also,	  
their	  ready	  water-­‐solubility	  impeded	  separation	  from	  the	  Hünig's	  HCl	  salt;	  in	  future,	  
we	  would	  recommend	  using	  a	  solid	  phase-­‐
supported	  base	  instead.	  	  	  
	  
With	   the	   exception	   of	   the	   phosphate	  	  
("PHOS")	   and	   the	   phosphonate	  
("PHOSPHON"),	   all	   compounds	   were	  
>99%	   pure	   by	   HPLC	   (254	   nm)	   and	   NMR.	  	  
The	   single	   impurity	   present	   in	   PHOS	   and	  
the	  PHOSPHON	   (7%	  and	  2%	   respectively,	  
by	  HPLC	   peak	   area)	  was	   confirmed	   to	   be	  
dibenzofulvene	   (Figure	   6-­‐19).	   This	   was	  
confirmed	   as	   follows:	   a	   reference	  
experiment,	   involving	   treatment	   of	  
Fmoc-­‐β-­‐alanine	   with	   aqueous	   ammonia/	  
MeCN	   at	   RT,	   afforded	   conversion	   to	   a	  
peak	  of	   the	   same	  HPLC	   retention	   time	  as	  
the	   impurity	   (further	   confirmed	   to	   be	  
dibenzofulvene	   using	   1H	   NMR	  
spectroscopy)	   [302].	   	   The	   dibenzofulvene	  
in	   the	   phosphorylated	   and	  
phosphonylated	   analytes	   is	   believed	   to	  
have	   originated	   during	   synthesis	   (rather	  
than	   degradation	   during	   the	   analysis	   of	  
the	  solvated	  analytes),	   since	   the	  assigned	  
HPLC	  peak	  (Figure	  6-­‐20,	  89.5	  min)	  did	  not	  









































Figure	   6-­‐18:	   Structures	   of	   analytes	   used	   in	  
binding	   assay:	   Selective	   Recognition	   of	   a	  
Phosphoserine	   Derivative	   over	   Other	  
(Nonphosphorylated)	  Oxyanions	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Dibenzofulvene	  was	  unlikely	  to	  compete	  with	  the	  
oxyanions	   for	   binding	   to	   the	  polymers	   so	   it	  was	  
decided	  against	  further	  purification	  (this	  decision	  
was	  made	   in	   light	   of	   the	   purification	   difficulties	  
already	  encountered	  (see	  previous	  paragraph),	  as	  
well	  as	  the	  small	  scale	  on	  which	  the	  compounds	  
were	   synthesised	   (owing	   to	   prohibitive	   costs	   of	  
starting	   materials)).	   	   Instead,	   appropriate	  
corrections	   were	   made	   when	   setting	   up	   the	  
present	  binding	  assay.	  
	  
In	   the	   experiment	   in	   Section	   6.3,	   it	   was	  
determined	   that	   optimal	   analyte	   recognition	  
occured	   at	   pH	   3.0.	   	   Therefore,	   in	   the	   present	   binding	   assay,	   a	   1:1	   v/v	  mixture	   of	  
MeCN	  and	  100	  mM	  NaOAc	  [pH	  3.0]	  was	  again	  employed	  as	  binding	  solvent	  (Section	  
6.3.2.1).	  	  NaOAc	  [pH	  3.0]	  was	  chosen	  as	  a	  direct	  result	  of	  the	  conclusions	  of	  Section	  
6.3.2.1,	  whilst	  the	  use	  of	  the	  organic	  co-­‐solvent	  	  was	  necessitated	  by	  the	  solubilities	  
Figure	   6-­‐20	   Binding	   assay:	   Selective	   Recognition	   of	   a	   Phosphoserine	   Derivative	   over	   Other	  
(Nonphosphorylated)	   Oxyanions:	   HPLC	   chromatogram	   of:	   SULFON	   (53.4	  min);	   SULF	   (59.1	  min);	   PHOS	  
(61.9	  min);	   PHOSPHON	   (66.7	  min);	   CARBOX	   (83.9	  min);	   dibenzofulvene,	   impurity	   with	   PHOS	   and	  
PHOSPHON	  (89.5	  min).	  	  HPLC	  set-­‐up	  D	  (Section	  9.1).	  
	  
Figure	   6-­‐19:	   Dibenzofulvene,	   an	  
impurity	  present	  in	  the	  synthesised	  
analytes	   PHOS	   and	   PHOSPHON.	  	  
This	   was	   determined	   to	   originate	  
during	   analyte	   synthesis	   rather	  
than	  be	  due	  to	  analyte	  degradation	  
over	  time.	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of	  the	  analytes	  (Table	  6-­‐7).	  
	  
Analyte	  
Solubility	  (concentration	  screened)	  
100	  mM	  NaOAc	  [pH	  
3.0]	  
MeCN	  
1:1	  v/v	  MeCN	  :	  100	  mM	  
NaOAc	  [pH	  3.0]	  
PHOS	  
Fully	  soluble	  (20	  mg/	  
1.5	  mL)	  
Insoluble	  (20	  mg/	  
750	  µL)	  
Fully	  soluble	  (20	  mg/	  
1.5	  mL)	  
CARBOX	  
insoluble	  (20	  mg/	  
1.5	  mL)	  
Insoluble	  (20	  mg/	  
750	  µL)	  
Fully	  soluble	  (20	  mg/	  
1.5	  mL)*	  
SULF	  
insoluble	  (20	  mg/	  
1.5	  mL)	  
Insoluble	  (20	  mg/	  
750	  µL)	  
Fully	  soluble	  (20	  mg/	  
1.5	  mL)	  
PHOSPHON	   Not	  screened	   Not	  screened	  
Fully	  soluble	  (2.5	  mg/	  
4	  mL)*	  
SULFON	  
Fully	  soluble	  (20	  mg/	  
1.5	  mL)	  
Insoluble	  (20	  mg/	  
750	  µL)	  
Fully	  soluble	  (20	  mg/	  
1.5	  mL)	  
Table	   6-­‐7:	   Solubility	   tests	   to	   determine	   experimental	   conditions	   for	   Binding	   assay:	   Selective	  
Recognition	  of	  a	  Phosphoserine	  Derivative	  over	  Other	  (Nonphosphorylated)	  Oxyanions	  
*	  Requires	  1	  min	  sonication.	  
	  
As	   for	   the	   previous	   experiments	   in	   this	   chapter,	   we	   used	   stock	   solutions	   of	   the	  
analytes,	  and	  subsequent	  stock	  solutions	  of	  equimolar	  mixtures	  of	   the	  analytes,	   to	  
avoid	   any	   errors	   in	  weighing	   out	   analytes	  within	   an	   experiment.	   	   Also	   as	  with	   the	  
previous	  experiments,	  fractions	  were	  analysed	  by	  HPLC,	  using	  a	  method	  developed	  
to	   afford	   baseline	   separation	   -­‐	   or	   near-­‐baseline	   separation	   -­‐	   of	   the	   five	   analytes	  
(Figure	   6-­‐20).	   	   Calibration	   curves	  with	   a	   good	   linear	   fit	   (nine	   data	   points	   for	   each	  
analyte)	  afforded	  the	  ε	  values	  in	  Figure	  6-­‐21.	  	  Our	  approach	  to	  quantitative	  analysis	  
of	  the	  various	  fractions	  is	  as	  described	  in	  Section	  6.2.1.	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Figure	  6-­‐21	  Binding	  assay:	  Selective	  Recognition	  of	  
a	   Phosphoserine	   Derivative	   over	   Other	  
(Nonphosphorylated)	   Oxyanions:	   Calibration	  
curves	   for	   analytes.	   	   Calibration	   coefficients,	   ε,	  
determined	  from	  the	  slope	  of	  the	  curve:	  (PHOS:	  ε	  =	  
11129	  mVs-­‐1	  mM-­‐1;	  CARBOX:	  ε	  =	  13728	  mVs-­‐1	  mM-­‐1;	  
SULF:	   ε	   =	   14328	  mVs-­‐1	   mM-­‐1;	   PHOSPHON:	   ε	   =	  
11269	  mVs-­‐1	   mM-­‐1;	   SULFON:	   ε	   =	   13214	  mVs-­‐1	  	  	  	  	  	  	  
mM-­‐1).	  	  HPLC	  set-­‐up	  D	  (Section	  9.1).	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PHOS	   12.1	   37.7	   14.4	   54.7	   28.0	   34.3	  
CARBOX	   86.3	   87.7	   88.6	   100.1	   90.3	   96.7	  
SULF	   49.1	   51.7	   53.3	   55.1	   58.5	   71.3	  
PHOSPHON	   7.4	   31.5	   9.8	   49.0	   19.2	   22.7	  
SULFON	   53.8	   57.0	   60.0	   63.1	   63.0	   73.8	  
Table	   6-­‐8.	   Binding	   assay:	   Selective	   Recognition	   of	   a	   Phosphoserine	   Derivative	   over	   Other	  
(Nonphosphorylated)	   Oxyanions:	   t=68.5	  h	   equilibration	   supernatant	   concentrations	  of	   the	   analytes	  
as	  a	  percentage	  of	  concentrations	  at	  t=0.	  	  No	  correction	  has	  been	  applied	  for	  the	  effective	  increase	  in	  
equilibration	   solution	   concentration	   due	   to	   polymer	   swelling,	   therefore	   the	   units	   are	   shown	   as	  
arbitrary	  (see	  main	  text).	  	  Data	  also	  presented	  in	  Figure	  6-­‐22.	  	  	  
	  
6.4.2	  Results	  and	  Discussion 	   	  
	  
Plots	   of	   equilibration	   supernatant	   concentrations	   of	   the	   analytes,	   displayed	   as	   a	  
percentage	   of	   concentrations	   at	   t=0	   (where	   the	   y-­‐axis	   is	   given	   as	   arbitrary,	   for	  
reasons	  described	  in	  Section	  6.2.1),	  are	  shown	  in	  Figure	  6-­‐22	  and	  Table	  6-­‐8.	  Plots	  of	  
analyte	  amounts	  for	  the	  first	  extraction	  step	  (E1)	  are	  shown	  in	  Figure	  6-­‐23.	  	  	  
	  
As	  a	  general	  trend,	  the	  degree	  of	  uptake	  of	  analytes	  by	  the	  polymers	  increases	  in	  the	  
order:	   LEAST	   BOUND	  CARBOX	   (carboxylate)	   <	   	  SULFON	   (sulfonate)	   <	  SULF	   (sulfate)	   <	  
PHOS	  (phosphate)	  <	  PHOSPHON	  (phosphonate)	  MOST	  BOUND.	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That	   the	  
phosphorylated	   PHOS	  
was	  bound	  to	  a	  greater	  
extent	   than	   the	  
carboxylate,	   the	  
sulfonate	   and	   the	  
sulfate	   is	   a	   very	  
pleasing	   result:	  
phosphoselectivity	  
over	   these	   other	  
oxyanionic	   analytes	  
was,	  of	  course,	  a	  major	  
objective	   of	   this	  
project.	  	  	  
	  
However,	   we	   were	  
surprised	   to	   observe	  
that	   all	   polymers	  
bound	   slightly	   more	  
phosphonate	   than	  
phosphate.	   	   In	  
practice,	   this	  
phenomenon	   should	  
not	   affect	   the	  
polymers'	  performance	  
in	   a	   proteomics	  
environment,	   since	  
phosphonylated	  
proteins	   are	  
exceedingly	   rare	   [303].	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of	  imprinting	  theory,	  one	  would	  like	  to	  better	  understand	  why	  a	  polymer	  supposedly	  






















































































Table	   6-­‐9.	   Binding	   assay:	   Selective	   Recognition	   of	   a	   Phosphoserine	   Derivative	   over	   Other	  
(Nonphosphorylated)	   Oxyanions:	   Molar	   amounts	   of	   the	   analytes	   (as	   a	   percentage	   of	   t=0	  
amounts)	   in	   the	   first	   extraction	   step	   (E1)	   from	   each	   binding	   assay	   (see	   Figure	   6-­‐17	   for	  
experimental	   details).	   	   Amounts	   calculated	   by	   accurately	   measuring	   the	   volume	   of	   each	   E1	  
fraction	  and	  multiplying	  this	  by	  the	  concentration	  of	  each	  analyte	  (as	  determined	  by	  peak	  areas	  
and	  calibration	  coefficients).	  	  Data	  also	  presented	  in	  Figure	  6-­‐22.	  
	  
	  
Possible	   explanations	   for	   the	   co-­‐extraction	   of	   phosphonate	   monoester	   alongside	  
phosphate	  monoester	  relate	  to:	  pKa	  values	  of	  the	  analytes	  and	  their	  ionisation	  state	  
under	   the	   assay	   conditions;	   analyte	   size	   (i.e.	   size-­‐exclusion	   phenomena);	   analyte	  
structural	  geometry.	  
	  
Looking	   first	   at	   predicted	   pKa	   values	   of	   the	   analytes	   concerned	   (Figure	   6-­‐24),	   it	   is	  
likely	   that	   all	   but	   the	   carboxylate	   are	   >99%	  monoanionic	   at	   pH	  3.0.	   	   Furthermore,	  
Chapter	  6:	  Small	  Molecule	  Binding	  Assays	  
Sally	  L.	  Ewen-­‐Al-­‐Kashi	  	  	  	  	  	  	  PhD	  Thesis	  
	  
233	  
they	   are	   all	   approximately	   isosteric	   [223].	   	   These	   two	   factors,	   therefore,	   do	   not	  
explain	  why	  the	  polymers	  bind	  phosphonates	  to	  a	  similar	  extent	  to	  phosphates,	  yet	  
bind	  the	  other	  analytes	  to	  a	  much	  lesser	  extent.	  	  Another	  suggestion	  is	  differences	  in	  
the	  size	  of	  the	  various	  analytes;	  however,	  the	  ionic	  radii	  of	  anions	  are	  generally	  very	  
similar	  [304].	  
	  
Looking	  next	  to	  the	  structural	  geometry	  of	   the	  anionic	   functional	  groups,	  generally	  
speaking,	   carboxylate	  groups	  are	   trigonal	  planar	  whilst	  phosphates,	  phosphonates,	  
sulfates	   and	   sulfates	   are	   broadly	   classified	   as	   tetrahedral.	   	  We	   therefore	   have	   no	  
obvious	  explanation	  as	  to	  why	  phosphonate	  monoester	  is	  co-­‐extracted	  alongside	  the	  
phosphate	  monoester	  and	  yet	  sulphates	  and	  sulphonates	  are	  less	  well	  bound.	  
	  
Looking	   next	   at	   the	   analyte	   distribution	   within	   Figure	   6-­‐23	   (analyte	   distribution	  
profile	  from	  the	  extraction	  step,	  E1),	  this	   is	  essentially	  the	  converse	  of	  Figure	  6-­‐22,	  
Figure	   6-­‐24	   Binding	   assay:	   Selective	   Recognition	   of	   a	   Phosphoserine	   Derivative	   over	   Other	  
(Nonphosphorylated)	  Oxyanions:	  Theoretical	  analyte	  pKa	  values	  predicted	  using	  SPARC	  w4.5.1529-­‐s4.5.1529	  
online	  calculator	  [26].	  
	  
pKa1	  =	  1.20;	  pKa2	  =	  5.87	  
pKa	  =	  4.27	  
pKa	  =	  1.08	  
pKa1	  =	  2.79;	  pKa2	  =	  7.54	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and	   confirms	   that	   bound	   analytes	   can	   be	   displaced	   at	   the	   end	   of	   the	   experiment,	  
using	  mild	  conditions.	  	  Whilst	  this	  is	  a	  desirable	  result,	  showing	  that	  the	  E1	  fraction	  is	  
predominantly	  populated	  by	  phosphorylated	  (and	  phosphonylated)	  analytes,	  we	  see	  
that	  some	  of	  the	  other	  analytes	  were	  also	  retained	  to	  this	  stage.	  	  In	  an	  ideal	  situation	  
(particularly	   for	   the	   phosphopeptide	   enrichment	   application),	   one	   would	   demand	  
complete	  phosphospecificity	  over	  these	  other	  analytes.	  	  	  
	  
Time-­‐wise,	  we	  have	  not	  had	  the	  opportunity	  to	  fully	  explore	  different	  experimental	  
conditions,	  to	  establish	  whether,	  for	  example,	  different	  washing	  procedures	  reduce	  
this	   co-­‐enrichment	   of	   competing	   functional	   groups	   (for	   instance,	   it	   would	   be	  
interesting	  to	  see	  whether	  washing	  with	  a	  sulfate	  buffer	  effectively	  displaces	  bound	  
sulfated/	  sulfonated	  analytes).	  	  Even	  so,	  the	  current	  result	  is	  very	  promising.	  	  Indeed,	  
one	  could	  argue	  that,	  if	  the	  better	  performing	  FIPs	  were	  ultimately	  incorporated	  into	  
a	  chromatography	  column,	  the	  degree	  of	  phosphoselective	  uptake	  observed	   in	  the	  
current	  experiment	  would	  essentially	  be	  replicated	  with	  each	  theoretical	  plate:	  the	  
overall	  result	  would	  be	  markedly	  improved	  performance	  over	  that	  of	  a	  simple	  batch	  
equilibration	  assay.	  
	  
We	   next	   analysed	   the	   results	   of	   this	   experiment	   to	   determine	  whether	   the	   act	   of	  
imprinting	  has	  added	  extra	  phosphoselectivity	  over	  the	  phosphoselective	  behaviour	  
inherent	  to	  the	  Ga-­‐functionalised	  monomer.	  	  The	  IEs	  for	  all	  analytes	  were	  therefore	  
calculated	   (Figure	   6-­‐25).	   	  Very	  pleasingly,	   two	  out	  of	   three	  of	   the	  sets	  of	  polymers	  
exhibited	  the	  greatest	  difference	   in	  analyte	  uptake	  between	  the	  FIP	  and	   its	  NIP	  for	  
the	   phosphorylated	   and	   the	   phosphonylated	   analytes.	   	   Thus,	  
FIP111(DMBAP,NaOAc)	   bound	   40%	   more	   of	   PHOS	   and	   39%	   more	   of	   PHOSPHON	  
than	  did	  NIP110(DMBAP,NaOAc),	  but	  bound	  only	  12%,	  2%	  and	  3%	  more	  of	  CARBOX,	  
SULF	   and	   SULFON	   respectively	   than	   did	   its	   NIP.	   	   And	   FIP211(DMBAP,H2O)	   bound	  
26%	  more	   of	   PHOS	   and	   24%	  more	   of	   PHOSPHON	   than	   did	  NIP210(DMBAP,H2O),	  
binding	  only	  1.5%,	  2.7%	  and	  3.1%	  more	  of	  CARBOX,	  SULF	  and	  SULFON	  respectively	  
than	   did	   its	   NIP.	   This	   is	   excellent	   preliminary	   evidence	   in	   favour	   of	   our	   functional	  
group	  imprinting	  concept.	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To	   conclude,	  we	  have	   carried	  out	   a	   series	  of	  binding	  assays	   to	   investigate	  optimal	  
binding	  conditions	  and	  determine	  whether	  the	  FIPs	  perform	  as	  intended.	  	  The	  results	  
show	  that:	  
• All	   polymers	   tested	   (FIP211(DMBAP,H2O),	   NIP210(DMBAP,H2O),	  
FIP111(DMBAP,NaOAc),	   	   NIP110(DMBAP,NaOAc),	   FIP211(DMBAP,NaOAc)	  
and	   NIP210(DMBAP,NaOAc))	   recognise	   phosphorylated	   molecules	   in	  
addition	  to	  that	  which	  was	  used	  as	  the	  imprint	  molecule,	   in	  accordance	  our	  
proposed	  functional	  group	  imprinting	  concept.	  
• All	  polymers	  tested	  exhibit	  a	  certain	  degree	  of	  phosphoselective	  recognition,	  
which	  we	  attribute	  to	  the	  gallium-­‐functionalised	  monomer.	  	  	  
Figure	   6-­‐25	   Binding	   assay:	   Selective	   Recognition	   of	   a	   Phosphoserine	   Derivative	   over	   Other	  
(Nonphosphorylated)	   Oxyanions:	   Imprinting	   Effect	   (IE),	   calculated	   from	   NIP	   supernatant	   concentration	  
minus	  FIP	  supernatant	  concentration,	  where	  these	  concentration	  values	  used	  are	  as	  a	  percentage	  of	  the	  
concentrations	  at	  t=0.	  	  Any	  deviation	  from	  0	  indicates	  a	  difference	  in	  analyte	  uptake	  of	  the	  two	  polymers:	  
a	  positive	  value	  indicates	  that	  the	  FIP	  has	  bound	  more	  than	  the	  NIP;	  conversely,	  a	  negative	  value	  indicates	  
that	  the	  NIP	  has	  bound	  more	  than	  the	  FIP.	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• Based	   on	   the	   results	   of	   the	   experiments	   in	   Section	   6.3,	   the	   best	   FIP	   and	  
optimal	   equilibration	   pH	   for	   phosphopeptide	   enrichment	   are	   polymer	  
FIP211(DMBAP,	  NaOAc)	  at	  pH	  3.0.	  
• FIPs	  FIP211(DMBAP,H2O)	  and	  FIP111(DMBAP,NaOAc)	  display	  markedly	  more	  
phosphoselective	   recognition	   than	   the	   corresponding	   NIPs,	   providing	  
preliminary	  evidence	   in	   favour	  of	   the	  proposed	   functional	   group	   imprinting	  
concept.	   	   For	   example,	   in	   the	   experiment	   discussed	   in	   Section	   6.3.2.3,	  
FIP111(DMBAP,NaOAc)	  was	  shown	  to	  bind	  40.3%	  and	  32.4%	  more	  (at	  pH	  3.0	  
and	   4.0	   respectively)	   of	   the	   phosphorylated	   analyte	   i	   (PM)	   than	   did	   the	  
cognate	  NIP,	  whilst	  FIP211(DMBAP,H2O)	  was	  shown	  to	  bind	  23.7%	  more	  of	  
the	  same	  analyte	  than	  did	   its	  NIP.	   	  Similarly,	   in	  the	  experiment	  discussed	   in	  
Section	  6.4.2,	  FIP111(DMBAP,NaOAc)	  was	  shown	  (again)	  to	  bind	  40.3%	  more	  
of	  the	  phosphorylated	  analyte	  (PHOS)	  than	  did	  the	  corresponding	  NIP,	  whilst	  
FIP211(DMBAP,H2O)	   was	   shown	   to	   bind	   25.6%	   more	   of	   the	   same	   analyte	  
than	  did	  its	  NIP.	  	  	  
• Bound	  analytes	  can	  be	  released	  intact	  at	  the	  end,	  using	  mild	  conditions.	  	  Such	  
conditions	  should	  translate	  well	  into	  a	  proteomics	  environment.	  
• The	   three	   sets	   of	   polymers	   perform	  differently.	   	   The	   'best'	   FIP,	   in	   terms	  of	  
proof	   of	   a	   functional	   group	   imprinting	   effect,	   is	   FIP111(DMBAP,NaOAc),	  
leading	   us	   to	   tentatively	   conclude	   that	   1:1:1	   is	   the	   optimal	  
monomer	  :	  metal	  :	  template	  stoichiometry.	   	  A	  molecular	  explanation	  for	  this	  
was	  proposed.	  
• Crosslinker	  DMBAP,	  which	   is	  novel	   to	   the	   field	  of	  molecular	   imprinting,	   is	  a	  
suitable	  candidate	  for	  imprinting	  exclusively	  in	  water	  or	  aqueous	  buffers.	  	  It	  is	  
conducive	   to	   the	   imprinting	   step,	   affording	   binding	   sites	   that	   are	   more	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7.1	  	   Introduction	  
 
aving	   successfully	   used	   the	   2nd-­‐generation	   FIPs	   (FIP111(DMBAP,	   NaOAc);	  
FIP211(DMBAP,H2O);	   FIP211(DMBAP,	   NaOAc))	   to	   enrich	   for	   phosphorylated	  
derivatives	  of	  Fmoc-­‐serine	   (Chapter	   6),	   thus	  demonstrating	  a	  phosphate	   functional	  
group	   imprinting	   effect,	   we	   applied	   the	   polymers	   to	   more	   complex	   samples.	   	   A	  
number	   of	   binding	   assays	   were	   therefore	   carried	   out	   using	   simple	   mixtures	   of	  
phosphorylated	  and	  nonphosphorylated	  peptides,	  analysing	  the	  various	  fractions	  by	  
MALDI-­‐TOF	  MS.	  
7.2	  	   Overview	  of	  MALDI-­‐TOF	  Mass	  Spectrometry	  
	  
As	  outlined	  in	  Section	  1.3,	  MALDI	  is	  a	  'soft'	  ionisation	  technique	  (it	  effects	  ionisation	  
of	   a	   sample	  without	   significant	   sample	   fragmentation)	   and	   is	   therefore	   very	  much	  
suited	  to	  the	  analysis	  of	  large	  biological	  molecules.	  	  	  
	  
While	   the	   reader	   is	   referred	   elsewhere	   for	   more	   detailed	   information	   (see	  
references	  [67,	  68,	  305,	  306]),	  a	  summary	  description	  of	  MALDI-­‐TOF	  MS	  is	  as	  follows.	  	  
Pulsed	  and	  focused	   laser	   irradiation	  converts	  a	  mixture	  of	  analytes	   into	  stable	  gas-­‐
phase	   ions,	   which	   are	   then	   analysed	   by	  mass	   spectrometers	   on	   the	   basis	   of	   their	  
mass-­‐to-­‐charge	   (m/z)	   ratio.	   	   The	  data	  produced	   (a	  mass	   spectrum)	   is	   a	   plot	  of	   ion	  
abundance	   against	  m/z.	   	  With	  MALDI	  MS,	   a	   spot	   of	   the	   sample	   to	   be	   analysed	   is	  
typically	  co-­‐crystallised	  on	  a	  steel	  target	  with	  a	  chemical	  matrix.	  	  The	  matrix	  typically	  
consists	   of	   a	   chromophoric	   compound	   that	   absorbs	   light	   at	   the	  wavelength	  of	   the	  
pulsed	  laser	  beam	  (typically	  a	  N2	   laser:	  λ	  =	  337	  nm),	  which	  is	  fired	  at	  the	  target;	   in	  
addition,	   the	  matrix	   is	   usually	   a	   small	  molecule,	   so	   as	   to	   facilitate	   vaporisation;	   is	  
generally	   acidic,	   to	   act	   as	   a	   proton	   source	   to	   aid	   ionisation	   of	   the	   analyte;	   and	   is	  
H 
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polar,	   for	   compatibility	   with	  
aqueous	   solution.	   	   The	   matrix	  
absorbs	   the	   energy	   and	  
facilitates	   sample	   volume	  
disintegration,	   protecting	   the	  
labile	   analyte	   (Figure	   7-­‐1).	  	  
Desorption/	   ionisation	   of	   the	  
analyte	   is	   thought	   to	   proceed	  
via	   initial	   ionisation	   of	   the	  
matrix,	   followed	   by	   secondary	  
ionisation	   of	   the	   analyte	   via	  
the	  matrix	  (however,	  the	  exact	  
process	   is	   still	   unclear)	   [307-­‐
309].	  	  This	  is	  concomitant	  with,	  
and	   followed	   by,	   a	   jet	  
expansion	  of	   the	   resultant	   gas	  
plume	  into	  the	  vacuum.	  	  The	  ionisation	  process	  produces	  both	  positive	  and	  negative	  
ions	  (the	  ion	  extraction	  fields	  and	  detector	  will	  be	  set	  up	  to	  detect	  either	  one	  or	  the	  
other).	  	  These	  ions	  are	  extracted	  and	  directed	  into	  the	  TOF	  mass	  analyser,	  where	  the	  
m/z	   of	   a	   given	   analyte	   is	   determined	   by	   the	   time	   it	   takes	   the	   analyte	   to	   travel	  
through	  a	  field-­‐free	  region	  of	  the	  flight	  tube	  to	  the	  detector.	  
	  
The	  choice	  of	  matrix	  used	   influences	  analyte	  signal	   intensities,	  relative	  abundances	  














Figure	  7-­‐2	  Typical	  UV-­‐MALDI	  matrices;	  (left)	  CHCA;	  (centre)	  DHB;	  (right)	  sinapinic	  acid	  
Figure	   7-­‐1	   Pictorial	   overview	   of	   the	  MALDI	   process,	   which	  
generates	   analyte	   ions	   that	   are	   then	   directed	   towards	   the	  
mass	  analyser.	  
to the mass analyser 
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'intermediate'	   or	   'cold',	   referring	   here	   to	   the	   internal	   energies	   of	   analyte	   ions	  
produced	   in	   the	   matrix	   plume	   and	   hence	   the	   relative	   propensity	   of	   such	   ions	   to	  
fragment	  [310].	  	  Thus	  a	  'cold'	  matrix	  results	  in	  little	  or	  no	  metastable	  fragmentation	  
of	   analyte	   ions.	   	  Whilst	   liquid	  matrices	  have	  been	  explored	   [311,	   312],	   typical	  UV-­‐
MALDI	  matrices	   are	   crystalline	   solids,	   and	   include	  α-­‐cyano-­‐4-­‐hydroxycinnamic	   acid	  
(CHCA),	   3,5-­‐dimethoxy-­‐4-­‐hydroxycinnamic	   acid	   (sinapinic	   acid)	   and	   2,5-­‐
dihydroxybenzoic	  acid	   (DHB,	  gentisic	  acid)	   (Figure	   7-­‐2);	   these	  are	  considered	   to	  be	  
'hot',	   'intermediate'	  and	  'cold'	  matrices	  respectively.	  	  Due	  to	  the	  inherent	  lability	  of	  
phosphopeptides,	  DHB	  is	  preferred	  for	  phosphorylation	  analysis	  [313].	  
	  
A	  disadvantage	  of	  DHB	  is	  that	  it	  forms	  large	  non-­‐uniform	  needle-­‐like	  crystals	  on	  the	  
target	   (Figure	   7-­‐3),	   and	   such	  morphology/topology	  necessarily	   yields	  discrepancies	  
in	  resolution	  between	  different	  areas	  on	  a	  sample	  spot.	   	  The	  surface	  heterogeneity	  
of	  DHB	  also	  results	  in	  poor	  shot-­‐to-­‐shot	  and	  spot-­‐to-­‐spot	  reproducibility	  in	  terms	  of	  
peak	   presence	   and	   intensity;	   this	   is	   believed	   to	   be	   due	   to	   variation	   in	   the	   analyte	  
concentration	  and	  analyte/	  matrix	  ratio	  as	  a	  result	  of	  the	  crystallisation	  process	  [27,	  
28,	  314].	  	  Indeed,	  this	  is	  elegantly	  illustrated	  by	  Garden	  et	  al.,	  who	  employed	  MALDI	  
imaging	  to	  produce	  a	  spatial	  map	  of	  DHB	  crystals	  and	  the	  analyte	  distribution	  within	  
Figure	   7-­‐3	   Microphotographs	   showing:	   (left)	   CHCA,	   which	   forms	   a	   relatively	  
homogenous	  surface	  coverage;	  (right)	  DHB,	  which	  forms	  large,	  needle-­‐like	  crystals.	  	  
Matrices	  prepared	  for	  MALDI	  MS	  analysis	  via	  the	  dried-­‐droplet	  method.	  
Images	  taken	  	  from	  reference	  [27].	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(Figure	  7-­‐4,	   [28]).	   	  The	  differential	  distribution	  of	  multiple	  analytes	   throughout	   the	  
crystalline	  matrix	  was	  clearly	  demonstrated.	  	  Consequently,	  it	  is	  necessary	  to	  search	  
for	   "sweet"	   spots	   within	   a	   sample	   (that	   is,	   locations	   affording	   acceptable	   signal	  
intensities	   of	   analyte	   ions)	   which,	   needless	   to	   say,	   has	   negative	   implications	   with	  
regard	   to	   quantitative	   analysis,	   objective	   unbiased	   analysis	   and	   automated	   data	  
acquisition.	  	  	  
	  
7.3	  	   Development	   of	   method	   to	   analyse	   phosphopeptide	  
	   mixtures	  
	  
Unless	   indicated	  otherwise,	  all	  peptide	  mixtures	  were	  analysed	  via	  MALDI-­‐TOF	  MS,	  
using	   DHB	   as	  matrix.	   	   An	   Anchorchip™	   target	   was	   used,	   which	   consists	   of	   a	   steel	  
target	  bearing	  384	  400	  µm	  hydrophilic	  patches	  [315].	  	  These	  facilitate	  'shrinking'	  (via	  
hydrophobic	  repulsion/	  hydrophilic	  attraction)	  -­‐	  and	  therefore	  concentration	  -­‐	  of	  the	  
sample	   spot.	   	   The	   target	  was	   thoroughly	  washed	  prior	   to	  each	  use,	   via	   a	   series	  of	  
warm	  tap	  water,	  distilled	  water,	  MeOH	  and	  acetone.	  	  Periodically	  the	  target	  was	  also	  
sonicated	  in	  MeOH	  for	  30	  min,	  to	  further	  clean	  it.	  
	  
Figure	   7-­‐4	  MALDI	   ion	   images	   showing	   intensities	   for	   selected	   peptides	   of	   a	  mixture	   of	   synthetic	   peptides,	  
using	   DHB	   as	   matrix.	   	   Spots	   were	   prepared	   via	   the	   dried-­‐droplet	   method.	   	   The	   black-­‐to-­‐red	   colour	   map	  
corresponds	   to	   the	   arbitrary	   intensity	   values	   specified	   for	   each	  peptide,	  while	   the	   grid	   lines	   correspond	   to	  
50	  µm	  increments	  within	  each	  image.	  	  Images	  taken	  from	  reference	  [28].	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Sample	  spots	  were	  each	  calibrated	  using	  an	  adjacent	  spot	  of	  a	  pre-­‐prepared	  mixture	  
of	   nine	   standard	   peptides	   in	   0.1	  %	   TFA	   ("Pepmix	   V3",	   Table	   7-­‐1).	   	   Calibrant	  
concentrations	   employed	   were	   such	   that	   the	   on-­‐target	   amount	   of	   Glu-­‐
Fibrinopeptide	  B	   (Glu-­‐Fib)	   equalled	   the	  anticipated	  on-­‐target	   amount	  of	   sample	   to	  
be	  analysed.	   	  While	  not	  all	  of	   these	  peptides	  were	  observed	  with	  every	  calibration	  
(due	   to	   low	   concentrations	   of	   some	   of	   them,	   as	   well	   as	   persistent	   issues	   with	  
calibrant	  quality)	  at	  least	  four	  of	  the	  peptides,	  spanning	  the	  mass	  range	  of	  interest,	  
were	  used	  in	  each	  calibration.	  
	  
Peptide	   	  [M	  +	  H]+	  
Molar	  equivalents	  
relative	  to	  Glu-­‐Fib	  
Peptide	  RFDS	   524.2469	   5	  
Bradykinin	  fragment	  
1-­‐7	  
757.3992	   5	  
Angiotensin	  I	   1296.6848	   3	  
Substance	  P	   1347.7354	   2	  
Glu-­‐Fibrinopeptide	  
B	  
1570.6773	   1	  
ANP	  fragment	  104-­‐
123	  
2183.5500	   1	  
ACTH	  (II)	  clip	  18-­‐39	   2465.1983	   2	  
Somatostatin	   3147.4700	   2	  
ACTH	  (III)	  clip	  7-­‐38	   3657.9288	   3	  
Table	  7-­‐1	  Components	  of	  peptide	  mixture	  ("Pepmix	  V3")	  used	  as	  external	  mass	  calibrant.	  
	  
In	  developing	  a	  method	   for	  phosphopeptide	  analysis,	  we	  prepared	  and	  analysed	  a	  
tryptic	  digest	  of	  the	  hyperphosphorylated	  protein,	  α-­‐casein	  (Figure	  7-­‐5).	  	  The	  matrix	  
("regular	  DHB",	  our	  terminology)	  used	  to	  obtain	  Figure	  7-­‐5	  was	  prepared	  according	  
to	  a	  standard	  recipe	  used	  in	  our	  laboratory:	  DHB	  (10	  mg/	  mL)	  in	  1:2	  v/v	  MeCN	  :	  0.1%	  
TFA	   (aq).	   	   Samples	   were	   prepared	   according	   to	   the	   dried-­‐droplet	   method	   [316],	  
which	   entails	   pre-­‐mixing	   0.5	  µL	   analyte	   solution	   and	   0.5	  µL	   matrix	   solution	   then	  
allowing	  this	  to	  evaporate	  on	  the	  target,	  affording	  a	  crystalline	  spot	  of	  approximately	  
400	   µm	   diameter.	   	   With	   this,	   two	   phosphopeptides	   were	   identified	   in	   the	   non-­‐
enriched	   α-­‐casein	   digest:	   [M+H]+	   1660.8	   Da	   and	   [M+H]+	   1951.9	   Da*.	   	   These	   are	  
VPQLEIVPNpSAEER	  (α-­‐S1-­‐(121–134))	  and	  YKVPQLEIVPNpSAEER	  α-­‐S1-­‐(119–134)).	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*Individual	  peptides	  were	  identified	  using	  Protein	  Prospector	  MS-­‐digest	  [317]	  (web-­‐
based	   software	   that	   predicts	   tryptic	   peptides	   from	   the	   known	   sequence	   of	   the	  
protein	  of	   interest:	   sequence	   retrieved	   via	  protein	  databases	   such	  as	  NCBI	   Entrez1	  
[318]).	  	  In	  the	  present	  study,	  the	  α-­‐casein	  used	  (a	  mixture	  of	  the	  S1	  and	  S2	  isoforms)	  
was	  of	  ≥	  70%	  purity,	  and	  the	  major	  contaminants	  were	  assumed	  to	  be	  β-­‐casein	  and	  
statherin	  [16].	  	  	  
	  
It	  should	  be	  noted	  that,	  unless	  otherwise	  stated,	  with	  each	  sample	  discussed	  in	  this	  
report,	   four	   individual	  spots	  were	  analysed	  and	  of	  each	  of	  these,	  the	  results	  of	  5	  ×	  
* 
* 
Figure	  7-­‐5	  Mass	  spectrum	  of	  non-­‐enriched	  α-­‐casein	  tryptic	  digest	  with	  'regular	  DHB'	  as	  matrix	  (approx.	  2.3	  pmol	  on	  
target).	  	  Identified	  phosphopeptides	  are	  marked	  by	  asterisks	  (see	  main	  text	  for	  phosphopeptide	  identification).	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100	   laser	   shots	   were	   combined	   to	   produce	   a	   single	   averaged	   spectrum	   for	   each	  
sample.	   	   The	   spectra	   shown	   are	   generally	   representative	   of	   the	   four	   spectra	  
obtained	  for	  each	  sample.	  Furthermore,	   it	  should	  be	  mentioned	  that	  peaks	  seen	  in	  
the	  mass	  range	  approx.	  <	  700	  Da	  are	  attributed	  to	  DHB	  matrix/salt	  cluster	   ions	  and	  
should	  therefore	  be	  disregarded.	  
	  	  	  
To	   reiterate	   Section	   1.4,	   the	   main	   reasons	   given	   for	   the	   requirement	   for	  
phosphopeptide	   enrichment	   are:	   a)	   low	   stoichiometry	   of	   phosphorylation;	   and	   b)	  
ionisation	  suppression	  of	  phosphopeptides	  in	  the	  presence	  of	  non-­‐phosphopeptides	  
as	  well	   as	   low	   ionisation/	   detection	   efficiencies	   of	   phosphopeptides	   (in	   particular,	  
multiply-­‐phosphorylated	  peptides)	  relative	  to	  their	  nonphosphorylated	  counterparts	  
[50,	   61,	   76].	   	   To	   elaborate	   on	   the	   latter,	   if	   a	   mixture	   of	   phosphorylated	   and	  
nonphosphorylated	  peptides	   is	   analysed	   -­‐	   such	  as	   those	  encountered	   in	  enzymatic	  
protein	   digests	   -­‐	   peaks	   for	   all	   components	   are	   usually	   not	   observed,	   and	   certainly	  
not	  with	  equal	  intensities	  for	  equally	  abundant	  components.	  	  
	  
Various	   matrix	   additives	   have	   been	   purported	   to	   enhance	   the	   signal	   intensity	   of	  
phosphorylated	  species	  in	  complex	  mixtures.	  	  For	  example,	  Asara	  et	  al.	  proposed	  the	  
addition	   of	   ammonium	   salts	   (in	   particular,	   diammonium	   citrate	   and	   ammonium	  
acetate)	   to	   the	   matrix-­‐analyte	   solution	   as	   a	   means	   of	   improving	   the	  
desorption/ionisation	   efficiency	   of	   phosphopeptides	   in	   MALDI	   [319].	   	   It	   was	  
theorised	   that	   a	   phosphate-­‐ammonium	   complex	   (NH4+)n(phosphate-­‐n)	   is	   formed,	  
with	  subsequent	  loss	  of	  ammonia	  to	  produce	  an	  unionised	  phosphate	  monoester	  in	  
place	   of	   the	   anionic	   moiety;	   this	   would	   require	   the	   same	   level	   of	   energy	   for	  
desorption/ionisation	  as	  a	  neutral,	  nonphosphorylated	  peptide.	   	  Elsewhere,	   Jensen	  
et	   al.	   proposed	   the	   addition	   of	   up	   to	   1%	  v/v	  H3PO4	   to	   the	   DHB	   matrix	   (1:1	   v/v	  
MeCN	  :	  H2O)	   as	   a	   means	   of	   enhancing	   phosphopeptide	   ion	   signals	   [98,	   320].	   	   No	  
exact	  mechanism	   for	   this	   process	   has	   been	  put	   forward,	   although	   the	   authors	   did	  
suggest	  that	  the	  improvement	  in	  signal	  intensity	  may	  be	  attributed	  to	  the	  effects	  of	  
H3PO4	  on	  the	  inclusion	  mechanism	  of	  analyte	  into	  the	  crystalline	  matrix	  (we	  suggest	  
that	  this	  is	  due	  to	  a	  lowering	  of	  the	  matrix	  pH,	  thereby	  making	  a	  larger	  proportion	  of	  
non-­‐ionised	  DHB	  available	  for	  ionisation).	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In	   this	   regard,	   the	   aforementioned	   α-­‐casein	   digest	   was	   also	   analysed	   using	   a	  
H3PO4-­‐containing	  matrix	   (referred	  to	  hereafter	  as	  "PA-­‐DHB"),	  which	  contained	  DHB	  
(10	  mg/	  mL)	   in	   1:1	   v/v	  MeCN	  :	  1%	  H3PO4	   (aq).	   	   The	   resulting	   spectrum	   is	   shown	   in	  
Figure	   7-­‐6.	   	   Four	   phosphopeptides	   can	   now	   be	   identified,	   including	   a	  
diphosphorylated	  species	  (Table	  7-­‐2).	  	  Following	  this,	  the	  decision	  was	  made	  to	  use	  







Figure	  7-­‐6	  Mass	  spectrum	  of	  non-­‐enriched	  α-­‐casein	  tryptic	  digest	  with	   'PA-­‐DHB'	  as	  matrix	   (approx.	  2.3	  pmol	  on	  
target).	  	  Identified	  phosphopeptides	  are	  marked	  by	  asterisks	  (see	  also	  Table	  7-­‐2).	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TVDMEpSTEVFTK	  (α-­‐S2-­‐(153–164))	   1466.6	  Da	   1	  
VPQLEIVPNpSAEER	  (α-­‐S1-­‐(121–134))	   1660.7	  Da	   1	  
DIGpSEpSTEDQAMEDIK	  (α-­‐S1-­‐(58–73))	   1927.7	  Da	   2	  
YKVPQLEIVPNpSAEER	  α-­‐S1-­‐(119–134))	   1951.9	  Da	   1	  
Table	  7-­‐2	  Observed	  phosphopeptides	  produced	  upon	  tryptic	  digestion	  of	  α-­‐casein,	  using	  PA-­‐DHB	  as	  
matrix	  (see	  Figure	  7-­‐6).	  	  Individual	  peptides	  were	  identified	  using	  Protein	  Prospector	  MS-­‐digest	  [317]	  
(web-­‐based	   software	   that	   predicts	   tryptic	   peptides	   from	   the	   known	   sequence	   of	   the	   protein	   of	  
interest:	  sequence	  retrieved	  via	  protein	  databases	  such	  as	  NCBI	  Entrez17	  [318]).	  	  In	  the	  present	  study,	  
the	   α-­‐casein	   used	   (a	   mixture	   of	   the	   S1	   and	   S2	   isoforms)	   was	   of	   ≥	  70%	   purity,	   and	   the	   major	  
contaminants	  were	  assumed	  to	  be	  β-­‐casein	  and	  statherin	  [16].	  
	  
7.4	  	   	   Investigation	  into	  the	  Phosphopeptide	  Recognition	  
	   	   Performance	  of	  2nd	  Generation	  FIPs	  using	  a	  Mixture	  
	   	   of	  Phosphorylated	  and	  Nonphosphorylated	  	  
	   	   Synthetic/Purified	  Peptides	  
 
	  
Our	   initial	   experiment	   was	   to	   determine	   whether	   2nd-­‐generation	   FIPs	  
(FIP111(DMBAP,	  NaOAc);	  FIP211(DMBAP,H2O);	  FIP211(DMBAP,	  NaOAc))	  selectively	  
enrich	   for	   phosphorylated	   species	   from	   a	   relatively	   simple	   mixture	   of	  
synthetic/purified	  phosphorylated	  and	  nonphosphorylated	  peptides.	   	   If	  we	  were	  to	  
succeed	  in	  enriching	  for	  phosphopeptides	  from	  such	  mixtures,	  the	  next	  step	  would	  
then	   be	   to	   work	   with	  more	   complex	   real-­‐world	   samples	   (e.g.	   protein	   digests	   and	  
eventually	  subcellular	  fractions	  or	  whole	  cell	  lysates),	  as	  well	  as	  to	  directly	  compare	  
the	  performance	  of	  the	  FIPs	  with	  that	  of	  conventional	  IMAC	  and	  TiO2-­‐based	  affinity	  
chromatography.	  
                                                
17	  Protein	  entries	  in	  the	  NCBI	  Entrez	  search	  and	  retrieval	  system	  have	  been	  compiled	  from	  a	  variety	  of	  
sources,	   including	   SwissProt,	   PIR,	   PRF,	   PDB,	   and	   translations	   from	   annotated	   coding	   regions	   in	  
GenBank	  and	  RefSeq.	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7.4.1	  	   Experimental	  Design	  
	  
                                                
18	  Theoretical	  isoelectric	  points	  (pI)	  calculated	  using	  the	  algorithm	  from	  the	  ExPASy	  Compute	  pI/	  mw	  
programme,	  available	  via	  Scansite	  321.	   Scansite.	   	   13-­‐March-­‐2010];	   Available	   from:	  
http://scansite.mit.edu/calc_mw_pi.html..	   	   This	   assumes	   pKa	   =	   2.12	   for	   ionisation	   of	   first	  
phosphorylation	  and	  pKa	  =	  7.21	  for	  ionisation	  of	  second	  phosphorylation.	  
	  
ID	  














2063.0	   3.37	   16	   -­‐2.331	  
PP2	  
DLDVPIPGRFDRRVpSVAAE	  
(PKA	  Regulatory	  Subunit	  II	  
Substrate)	  
2193.4	   4.46	   19	   -­‐0.242	  
PP3	  
KRPpSQRHGSKY-­‐NH2	  
(UOM9,	  Phosphorylated	  PKC	  
Substrate-­‐3)	  
1423.5	   9.70	   11	   -­‐2.582	  
PP4	  
SFVLNPTNIGMpSKSSQGHVTK	  
(DAM1	  [221-­‐241]	  peptide)	  
2313.6	   7.13	   21	   -­‐0.338	  
PP5	  
TRDIYETDpYYRK	  
(kinase	  domain	  of	  insulin	  
receptor)	  
1703.8	   4.56	   12	   -­‐2.017	  
PP6	  
TRDIpYETDpYpYRK	  
(kinase	  domain	  of	  insulin	  
receptor)	  
1863.8	   3.56	   12	   -­‐2.017	  
Table	   7-­‐3	   List	   of	   purified/synthetic	   phosphopeptides	   used	   in	   phosphopeptide	   enrichment	  
experiments	   with	   second-­‐generation	   FIPs.	   	   Theoretical	   isoelectric	   points	   (pI)	   used	   to	   estimate	   the	  
overall	   acidity/	   basicity	   of	   each	   peptide,	   and	   GRAVY	   (Grand	   Average	   Hydropathy)	   index	   used	   to	  
estimate	   hydrophilicity	   (negative	   values	   refer	   to	   hydrophilic	   species,	   positive	   values	   refer	   to	  
hydrophobic	  species)	  [323].	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Purified/synthetic	   phosphopeptides	   (Table	   7-­‐3)	   were	   purchased	   from	   Anaspec	   Inc	  
(California,	   USA).	   	   They	   ranged	   from	   relatively	   acidic	   phosphopeptides	   (i.e.	  
containing	   several	  Glu	   (E)	   and/	  or	  Asp	   (D)	   residues,	   therefore	   low	   isoelectric	  point	  
(pI))	   to	   relatively	   basic	   species	   (i.e.	   those	   containing	  more	   Lys	   (K)	   and/	   or	   Arg	   (R)	  
residues,	   therefore	   higher	   pI).	   	   Calculation	   of	   the	   Grand	   Average	   Hydropathy	  
(GRAVY)	   index	  [323]	  suggests	   that	   these	  are	  all	  hydrophilic	  peptides	   (note	  that	   the	  
GRAVY	  index	  does	  not	  take	  into	  account	  phosphorylation).	  
	  
Prior	   to	   this	   experiment,	   individual	   phosphopeptides	   were	   characterised	   by	  
MALDI-­‐TOF	  MS	   (estimated	   on-­‐target	   concentration:	   500	  fmol).	   	   The	   expected	  m/z	  
                                                                                                                                      
19	  GRAVY	  (Grand	  Average	  Hydropathy)	  index	  calculated	  using	  ProtParam	  322.	   ProtParam	  web-­‐based	  
programme.	   	   18-­‐December-­‐2007];	   Available	   from:	   http://www.expasy.org/tools/protparam.html.	  	  
Note	  that	  the	  GRAVY	  index	  does	  not	  take	  into	  account	  phosphorylation.	  
Figure	   7-­‐7	   General	   approach	   to	   peptide	   binding	   assays	   using	   FIPs.	   	   In	   the	   first	   step,	   a	   mixture	   of	  
phosphorylated	  and	  nonphosphorylated	  peptides	   is	  equilibrated	  with	  a	  suspension	  of	  the	  polymer.	   	  The	  
polymer	  is	  then	  sedimented	  by	  gentle	  centrifugation,	  and	  the	  supernatant	  ("flow-­‐through")	  removed	  and	  
analysed	   by	  MALDI-­‐TOF	  MS.	   	   Ideally	   this	   fraction	   would	   contain	   only	   nonphosphorylated	   species.	   	   The	  
polymer	   is	   then	   subjected	   to	   a	   series	   of	   wash	   steps,	   to	   remove	   any	   remaining	   nonphosphorylated	  
peptides.	   	   Finally,	  elution	  conditions	  would	  displace	   the	  bound	  peptides,	  which	  should	   ideally	  consist	  of	  
phosphorylated	   species	   only.	   	  Where	   a	   blank/	   control	   polymer	  was	   used,	   rather	   than	   a	   FIP,	   one	  would	  
expect	  no	  retention	  of	  either	  phosphorylated	  or	  nonphosphorylated	  peptides.	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was	  observed	  for	  all	  phosphopeptides,	  although	  an	  additional	  peak	  ([M+H]+	  2329.5	  
Da)	  was	  observed	  for	  PP4,	  which	  we	  attribute	  to	  methionine	  oxidation.	  	  	  	  
	  
An	  array	  of	   four	  simple	  batch	  equilibration	  assays	  were	  set	  up	  as	  follows,	  adapting	  
the	  method	  developed	  for	  the	  small	  molecule	  binding	  assays	  of	  Chapter	  6.	   	  Thus	  a	  
polymer	   -­‐	   either	   FIP	   FIP211(DMBAP,	   H2O),	   FIP111(DMBAP,	   NaOAc)	   or	  
FIP211(DMBAP,	  NaOAc)	  (4.0	  mg	  of	  each,	  equivalent	  to	  approx.	  84	  nmol	  binding	  sites	  
-­‐	  see	  Section	  5.6.1)	  or	  control	  polymer	  pDMBAP(NaOAc)	  (see	  Section	  5.4)	  (4.0	  mg)	  -­‐	  
was	  suspended	  in	  1:1	  v/v	  MeCN	  :	  100	  mM	  NH4OAc	  (aq)	  [pH	  3.0]	  (16	  µL),	  and	  initially	  
allowed	  to	  pre-­‐swell	  at	  RT	  for	  70	  min	  (Figure	  7-­‐7).	  
	  	  	  
This	   particular	   loading	   solvent	   was	   chosen	   because	   the	   small	   molecule	   binding	  
assays	   in	   Section	   6.3	   suggested	   that	   the	   greatest	   degree	   of	   imprinting-­‐induced	  
phosphoselectivity	   occurred	   when	   a	   pH	   3.0	   NaOAc	   buffer	   was	   used	   as	   loading	  
solvent	  (Section	  6.3.2).	   	  Note	  that	  ammonium	  was	  employed	  as	  the	  counterion	  for	  
acetate,	  rather	  than	  sodium,	  to	  ensure	  compatibility	  with	  MALDI-­‐TOF	  MS	  (sodium	  is	  
to	   be	   generally	   avoided	   in	   MALDI	   MS:	   it	   makes	   the	   spectra	   more	   complicated,	  
increases	  overcrowding	   (chance	  of	  overlapping	  peaks),	  and	  decreases	   the	  certainty	  
of	   peak	   identification	   (distinguishing	   between	   [M+H]+	   and	   [M+Na]+).	   	   Also,	   salts	   in	  
general	  are	  known	  to	  hinder	  the	  co-­‐crystallisation	  process	  [263]).	  	  Furthermore,	  in	  all	  
but	  one	  of	   the	   small	  molecule	  binding	  assay	  experiments	   in	  Chapter	   6,	   an	  organic	  
co-­‐solvent	   was	   used	   for	   reasons	   of	   solubility.	   	  Whilst	   the	   peptides	   in	   the	   present	  
experiment	  were	  fully	  soluble	  at	  the	  desired	  concentrations	  in	  100	  mM	  NH4OAc	  [pH	  
3.0],	   it	   was	   considered	   preferable	   to	   exactly	   replicate	   the	   previously-­‐established	  
binding	  conditions	  for	  this	  initial	  experiment.	  
	  
To	   each	   of	   the	   polymers	   was	   then	   added	   an	   equimolar	   mixture	   of	   three	   of	   the	  
abovementioned	  phosphopeptides	  (PP1,	  PP4	  and	  PP5)	  and	  two	  nonphosphorylated	  
peptides:	  Glu-­‐Fibrinopeptide	  B	  (Glu-­‐Fib)	  and	  Atrial	  Natriuretic	  Peptide	  (ANP)	   (Table	  
7-­‐4)	  in	  1:1	  v/v	  MeCN	  :	  100	  mM	  NH4OAc	  [pH	  3.0]	  (16	  µL).	  	  To	  ensure	  that	  a	  range	  of	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parameters	  would	  be	  screened,	  both	  acidic	  and	  basic	  peptides	  were	  included,	  as	  well	  
as	  both	  serine	  phosphorylation	  and	  tyrosine	  phosphorylation.	  	  	  
	  
	  
The	   final	   concentration	   of	   each	   individual	   peptide	   in	   each	   binding	   assay	   was	  
calculated	   to	   be	   2	  pmol/	  µL,	   and	   therefore	   the	   total	   amount	   of	   peptides	   in	   each	  
assay	   was	   320	  pmol.	   	   This	   is	   equal	   to	   0.4	  mol%	   of	   the	   estimated	   number	   of	   FIP	  
binding	   sites	   (see	   Section	   5.6.1	   for	   estimation	   of	   FIP	   binding	   site	   densities).	   	   In	  
Section	  3.2.1	  it	  was	  rationalised	  that	  a	  total	  analyte	  concentration	  of	  10-­‐20	  mol%	  of	  
the	   estimated	   number	   of	   binding	   sites	   would	   provide	   an	   excellent	   test	   of	   the	  
polymer's	   ability	   to	   discriminate	   between	   analytes,	   since	   polymer	   binding	   sites	  
would	  be	  in	  excess	  and	  acknowledging	  that	  imprinted	  polymers	  generally	  contain	  a	  
heterogeneous	   distribution	   of	   binding	   sites	   (as	   a	   general	   rule,	   low	   percentage	  
loadings	  allow	  only	  the	  stronger	  binding	  sites	  to	  be	  involved,	  thereby	  increasing	  the	  
selectivity	  of	  the	  process).	   	  Whilst	  one	   ideally	  would	  have	   liked	  to	  have	  used	  these	  
same	  conditions	  used	  in	  Chapter	  6	  in	  the	  present	  binding	  assay,	  it	  would	  have	  meant	  
using	  either	   an	   impractically	   small	   amount	  of	  polymer	  per	   assay	  or	   a	  much	  higher	  
                                                
20	  see	  footnote	  to	  Table	  7-­‐3	  
	  
21	  GRAVY	  index	  calculated	  using	  ProtParam	  322.	   ProtParam	   web-­‐based	   programme.	   	   18-­‐
December-­‐2007];	  Available	  from:	  http://www.expasy.org/tools/protparam.html..	  










Glu-­‐Fib	   EGVNDEEGFFSAR	   1571.7	   4.00	   13	   -­‐0.923	  
ANP	   SSDRSALLKSKLRALLTAPR	   2184.6	   11.72	   20	   -­‐0.295	  
	  
Table	  7-­‐4	  List	  of	  nonphosphorylated	  peptide	  used	  in	  phosphopeptide	  enrichment	  experiments	  with	  
second-­‐generation	   FIPs.	   	   Theoretical	   isoelectric	   points	   (pI)	   used	   to	   estimate	   the	   overall	   acidity/	  
basicity	  of	  each	  peptide,	  and	  GRAVY	   index	  used	   to	  estimate	  hydrophilicity	   (negative	  values	   refer	   to	  
hydrophilic	  species,	  positive	  values	  refer	  to	  hydrophobic	  species)	  [323].	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concentration	   of	   peptides	   than	   would	   have	   been	   feasible	   in	   terms	   of	   stock	  
availability.	  
	  
The	   mixtures	   of	   peptides	   and	   polymer	   were	   equilibrated	   at	   RT	   for	   1h,	   and	  
periodically	   agitated	   using	   a	   10	  µL	   pipette	   tip	   (5	   ×	   aspiration/expulsion).	   	   The	  
polymer	   was	   then	   sedimented	   by	   brief	   centrifugation	   (5000	  RPM,	   1	  min)	   and	   the	  
supernatant	  carefully	  removed	  using	  a	  flattened	  GELoader®	  pipette	  tip	  (a	  pipette	  tip	  
of	   very	   narrow	   diameter).	   	   The	   polymer	   was	   washed	   (3	   ×	   16	  µL	   1:1	   v/v	  
MeCN	  :	  100	  mM	  NH4OAc	   (aq)	   [pH	   3.0],	   3	  ×	   16	  µL	   1:1	   v/v	  MeCN	  :	  H2O),	   and	   finally	  
treated	   with	   1:1	   v/v	   MeCN	  :	  5	   wt.	   %	   H3PO4	   (aq)	   (3	   ×	   16	  µL)	   to	   elute	   any	   bound	  
peptides.	   	   This	   elution	   solution	   was	   developed	   in	   Chapter	   6	   and	   is	   also	   used	   in	  
exisiting	  IMAC	  protocols	  [94];	  it	  is	  considered	  preferable	  to	  the	  use	  of	  aqueous	  NH3	  
(as	   in	   Chapter	   5),	  as	  NH3	   is	  known	  to	   interfere	  with	  DHB	  crystallisation	   [94]	  and	   is	  
also	   incompatible	   with	   the	   MALDI	   target,	   meaning	   that	   sample	   would	   have	   to	  
undergo	   post-­‐polymer	   processing/neutralisation	   prior	   to	   MALDI	   MS	   analysis.	   	   All	  
fractions	  were	  analysed	  by	  MALDI-­‐TOF	  MS	  as	  described	  previously.	  	  	  	  
	  
In	  a	  separate	  vial,	  a	  mixture	  of	  the	  peptides	  in	  the	  same	  concentration	  as	  at	  t	  =	  0	  was	  
stored	  at	  RT	   for	  1	  h,	   and	   its	   composition	   subsequently	   compared	  with	   that	  at	   t=0,	  
using	  MALDI-­‐TOF	  MS.	   	   This	   verified	   that	   the	   peptides	   do	   not	   undergo	   any	   in	   situ	  
degradation	  under	  the	  experimental	  conditions.	  
	  
To	   ascertain	   the	   degree	   of	   phosphopeptide	   enrichment,	   mass	   spectra	   were	  
evaluated	   in	   terms	  of	   number	   and	   type	   (singly,	  multiply	   or	   nonphosphorylated)	  of	  
peptide	   ions	  detected.	   	  Signal	   intensities	  were	  also	  cursorily	  compared,	  although	   it	  
must	  be	  acknowledged	  that	  any	  ionisation	  suppression	  phenomena	  would	  preclude	  
true	  quantitative	  analysis	  here.	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7.4.2	  	   Results	  and	  Discussion	  
 
MALDI-­‐TOF	   MS	   analysis	   of	   the	   non-­‐enriched	   (t=0)	   peptide	   mixture	   shows	   all	   five	  
peptides	   (PP1,	   PP4,	   PP5,	   Glu-­‐Fib	   and	   ANP	   Figure	   7-­‐8);	   however,	   the	   three	  
phosphorylated	   species	   are	   detected	   at	   very	   low	   signal	   intensities	   relative	   to	   the	  
nonphosphorylated	   peptides,	   despite	   being	   in	   equimolar	   abundance.	   	   This	   is	  
attributed	   to	   an	   ionisation	   suppression	   phenomenon	   (note	   that,	   whilst	   such	   a	  
phenomenon	  is	  widely	  accepted	  by	  the	  MS	  community,	  as	  far	  as	  we	  are	  aware,	  little	  
research	  has	  been	  carried	  out	  to	  actually	  understand	  the	  process	  [61])	  and	  is	  one	  of	  
the	  main	  reasons	  used	  to	  justify	  a	  phosphopeptide	  enrichment	  pre-­‐treatment	  step.	  	  
Note	   that,	   with	   more	   complex	   mixtures	   than	   this,	   ions	   corresponding	   to	  
phosphopeptides	  are	  frequently	  not	  detected	  at	  all	  [266].	  
	  
Figure	   7-­‐8	   (Refer	   to	   Section	   7.4:	   Investigation	  
into	   the	   Phosphopeptide	   Recognition	  
Performance	   of	   2nd-­‐Generation	   FIPs	   using	   a	  
Mixture	   of	   Phosphorylated	   and	  
Nonphosphorylated	   Synthetic/Purified	  
Peptides):	   MALDI-­‐TOF	   mass	   spectrum	   of	   the	  
mixture	   of	   phosphorylated	   (marked	   by	  
asterisks)	   and	   nonphosphorylated	   peptides	  
observed	  at	  t=0	  (i.e.	  prior	   to	  equilibration	  with	  
polymer).	  	  The	  nonphosphorylated	  peptides	  are	  
observed	  at	  much	  greater	   signal	   intensity	   than	  
the	   phosphopeptides,	   despite	   being	   in	  
equimolar	   abundance:	   this	   phenomenon	   is	  
attributed	   to	   phosphopeptide	   ionisation	  
suppression	   owing	   to	   the	   presence	   of	   the	  
nonphosphorylated	  peptides.	  	  	  
Approximate on-target amount of each peptide: 
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Mass	   spectra	   corresponding	   to	   the	   final	  wash	   step	   and	   three	   elution	   steps	   of	   the	  
each	   of	   the	   four	   binding	   assays	   are	   shown	   in	   Figures	   7-­‐9	   to	   7-­‐12.	   	   The	   expected	  
phosphopeptide	   enrichment	   is	   not	   evidenced	   by	   the	   MALDI	   data	   of	   the	   elution	  
steps:	   fewer	  phosphopeptides	  are	  detected	   in	  any	  of	   the	  elution	  steps	   than	  at	   t=0	  
(Figure	   7-­‐8).	   	   In	   fact,	   only	   in	   one	   of	   the	   elution	   fractions	   is	   a	   phosphopeptide	  
detected:	  in	  the	  first	  elution	  step	  corresponding	  to	  FIP	  FIP111(DMBAP,	  NaOAc),	  PP5	  
is	  detected.	  This	  is	  surprising	  since	  it	  was	  expected	  that	  the	  FIPs	  would	  (selectively)	  
bind	  -­‐	  and	  elute	  -­‐	  phosphopeptides.	  	  	  
	  
Secondly,	  it	  is	  interesting	  to	  note	  that	  the	  nonphosphorylated	  Glu-­‐Fib	  is	  detected	  in	  
the	  final	  wash	  step	  and	  in	  all	  three	  elution	  steps	  of	  each	  of	  the	  FIP	  assays;	  it	  is	  not,	  
however,	   detected	   in	   the	   same	   steps	   corresponding	   to	   the	   assay	  with	   the	   control	  
polymer,	  pDMBAP(NaOAc).	  	  This	  immediately	  indicates	  that	  Glu-­‐Fib	  binds	  to	  the	  FIPs	  
via	  the	  gallium-­‐functionalised	  binding	  sites,	  since	  pDMBAP(NaOAc)	  was	  prepared	  in	  
the	   absence	   of	   gallium-­‐functionalised	   monomer.	   	   As	   Glu-­‐Fib	   is	   a	   particularly	  
carboxylate-­‐rich	  peptide	  (three	  Glu	  residues	  and	  one	  Asp	  residue),	  one	  can	  speculate	  
that	   binding	   of	   Glu-­‐Fib	   to	   the	   FIPs	   occurs	   via	   carboxylate	   recognition.	   	   This	   is	  
disappointing	  but	  not	  completely	  unexpected:	  whilst	  previous	  experiments	  (Chapter	  
6)	   demonstrated	   that	   these	   FIPs,	   in	   particular	   FIP211(DMBAP,	   H2O)	   and	  
FIP111(DMBAP,	  NaOAc),	  are	  generally	  phosphoselective,	  it	  was	  shown	  in	  Section	  6.3	  
that	  multivalent	  binding	  of	  the	  monophosphorylated,	  monocarboxylated	  analyte	   iii	  
(C,	   PM)	   afforded	   greater	   uptake	   of	   that	   particular	   analyte	   relative	   to	   the	  
monophosphorylated,	  noncarboxylated	  analyte	   i	   (PM)).	  	  Based	  on	  this	  observation,	  
it	  is	  plausible	  (although	  undesirable)	  that	  binding	  of	  multiple	  carboxylate	  residues	  is	  
generally	  stronger	  than	  that	  of	  a	  single	  phosphate	  moiety.	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Secondly,	  it	  is	  interesting	  to	  note	  that	  the	  nonphosphorylated	  Glu-­‐Fib	  is	  detected	  in	  
Figure	   7-­‐9	   (Refer	   to	   Section	   7.4:	   Investigation	   into	   the	   Phosphopeptide	   Recognition	  
Performance	   of	   2nd	   Generation	   FIPs	   using	   a	   Mixture	   of	   Phosphorylated	   and	  
Nonphosphorylated	  Synthetic/Purified	  Peptides),	  FIP	  FIP211(DMBAP,	  H2O):	  MALDI-­‐TOF	  mass	  
spectra	  of:	  A)	  sixth	  wash	  step;	  B)	  first	  elution	  step;	  C)	  second	  elution	  step;	  D)	  third	  elution	  step.	  
No	  phosphopeptides	  detected.	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Figure	   7-­‐10	   (Refer	   to	   Section	   7.4:	   Investigation	   into	   the	   Phosphopeptide	   Recognition	  
Performance	   of	   2nd	   Generation	   FIPs	   using	   a	   Mixture	   of	   Phosphorylated	   and	  
Nonphosphorylated	  Synthetic/Purified	  Peptides),	  FIP	  FIP211(DMBAP,	  NaOAc):	  MALDI-­‐TOF	  mass	  
spectra	  of:	  A)	  sixth	  wash	  step;	  B)	  first	  elution	  step;	  C)	  second	  elution	  step;	  D)	  third	  elution	  step.	  
No	  phosphopeptides	  detected.	  
Maximum	  on-­‐target	  amount	  of	  each	  peptide:	  approx.	  500	  fmol.	  	  Matrix:	  PA-­‐DHB	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Figure	   7-­‐11	   (Refer	   to	   Section	   7.4:	   Investigation	   into	   the	   Phosphopeptide	   Recognition	  
Performance	  of	  2nd	  Generation	  FIPs	  using	  a	  Mixture	  of	  Phosphorylated	  and	  Nonphosphorylated	  
Synthetic/Purified	   Peptides),	   FIP	   FIP111(DMBAP,	  NaOAc):	  MALDI-­‐TOF	  mass	   spectra	  of:	  A)	  sixth	  
wash	  step;	  B)	  first	  elution	  step;	  C)	  second	  elution	  step;	  D)	  third	  elution	  step.	  	  Phosphopeptides	  are	  
marked	  with	  an	  asterisk.	  	  	  
Maximum	  on-­‐target	  amount	  of	  each	  peptide:	  approx.	  500	  fmol.	  	  Matrix:	  PA-­‐DHB.	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polymer, pDMBAP(NaOAc).  This immediately indicates that that Glu-Fib binds to 




Figure	   7-­‐12	   (Refer	   to	   Section	   7.4:	   Investigation	   into	   the	   Phosphopeptide	   Recognition	  
Performance	  of	  2nd	  Generation	  FIPs	  using	  a	  Mixture	  of	  Phosphorylated	  and	  Nonphosphorylated	  
Synthetic/Purified	   Peptides),	   blank	   polymer	   pDMBAP(NaOAc):	  MALDI-­‐TOF	  mass	   spectra	  of:	  A)	  
sixth	   wash	   step;	   B)	   first	   elution	   step;	   C)	   second	   elution	   step;	   D)	   third	   elution	   step.	   	   No	   ions	  
detected.	  
Maximum	  on-­‐target	  amount	  of	  each	  peptide:	  approx.	  500	  fmol.	  	  Matrix:	  PA-­‐DHB	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7.5	  	   Can	  Binding	  of	  Carboxylated	  Residues	  to	  FIP111(DMBAP,	  
	   NaOAc)	  be	  Diminished	  Using	  a	  Glutamic	  Acid	  Wash?	  
 
The	  next	  experiment	  was	  designed	  to	  demonstrate	  whether	  undesirable	  binding	  of	  
multiply-­‐carboxylated	  peptides	  could	  be	  lessened	  by	  including	  a	  wash	  step	  intended	  
to	   displace	   such	   species.	   	   Yu	   et	   al.	   report	   that	   washing	   with	   NH4Glu	   [pH	   2.0]	  
diminishes	   the	   co-­‐enrichment	   of	   carboxylated	   species	   when	   using	   TiO2	   columns,	  
whilst	   not	   significantly	   reducing	   phosphopeptide	   recovery	   [105].	   	   The	   effect	   is	  
attributed	  to	  competitive	  displacement	  of	  the	  bound	  carboxylate	  residues.	  
 
7.5.1	  	   Experimental	  Design	  
 
A	   single	   binding	   assay	   was	   set	   up	   according	   to	   the	   method	   described	   for	   the	  
experiment	   in	   Section	   7.4,	   this	   time	   using	   only	   one	   polymer	   (FIP111(DMBAP,	  
NaOAc)).	  	  Three	  additional	  wash	  steps	  using	  100	  mM	  NH4Glu	  [pH	  2.0]	  were	  inserted	  
between	   the	   3	   ×	   1:1	   v/v	   MeCN	  :	  100	  mM	   NH4OAc	   [pH	   3.0]	   and	   the	   3	   ×	   1:1	   v/v	  
MeCN	  :	  H2O	   wash	   steps.	   	   All	   other	   parameters	   as	   described	   previously	   (Section	  
7.4.1).	  
 
7.5.2	  	   Results	  and	  Discussion	  
 
Mass	   spectra	   (not	   shown)	   corresponding	   to	   each	   of	   the	   wash	   steps	   indicate	   that	  
some	   Glu-­‐Fib	   was	   washed	   off	   using	   100	  mM	   NH4Glu	   [pH	   2.0];	   however,	   in	   the	  
subsequent	  elution	  steps,	  Glu-­‐Fib	  was	  again	  the	  predominant	  ion	  detected,	  with	  PP5	  
again	   appearing	   as	   the	   only	   phosphopeptide	   ion	   (as	   in	   the	   experiment	   in	   Section	  
7.4).	  	  This	  suggests	  that	  not	  all	  of	  the	  bound	  Glu-­‐Fib	  had	  been	  displaced	  in	  the	  wash	  
steps.	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7.6	  	   	   Does	  FIP111(DMBAP,	  NaOAc)	  Bind	  	   	   	  
	   	   Phosphopeptides	  at	  all?	  	  And	  Which	  Binding	  	  
	   	   Solution	  is	  Optimal?	  	  	  Non-­‐competitive	  Assay.	  
 
Following	  the	  results	  of	  the	  investigation	  into	  use	  of	  glutamic	  acid	  washes	  in	  Section	  
7.5	   (Can	   Binding	   of	   Carboxylated	   Residues	   to	   FIP111(DMBAP,	   NaOAc)	   be	  
Diminished	   Using	   a	   Glutamic	   Acid	   Wash?),	   it	   was	   considered	   whether	   the	   other	  
phosphopeptides	   (namely	  PP1	   and	  PP4)	   had	   perhaps	   been	   bound	   by	   the	   FIP,	   but	  
with	   such	   low	   retention	   that	   their	   appearance	   in	   the	   subsequent	   elution	   fractions	  
had	   been	   masked	   by	   ionisation	   of	   the	   ubiquitous	   Glu-­‐Fib	   (ionisation	   suppression	  
phenomenon).	   	  Or,	  as	  an	  alternative	  scenario,	   that	   the	  phosphopeptides	  had	  been	  
bound	  but	  were	  not	  released	  under	  the	  elution	  conditions	  employed:	  whilst	  1:1	  v/v	  
MeCN	  :	  5	   wt.	   %	   H3PO4	   (aq)	   should	   be	   sufficiently	   acidic	   (pH	   1.1-­‐1.2)	   to	   displace	  
bound	   phosphopeptides	   via	   protonation	   of	   the	   phosphate	   functional	   group	   (pKa	   =	  
approx.	   2	   (first	   ionisation),	   6	   (second	   ionisation)	   [240,	   301]),	   it	   is	   nonetheless	  
plausible	   that	   other	   factors	   come	   into	   play	   that	   mean	   that	   phosphopeptides	   are	  
being	  bound	  but	  not	  displaced	  under	  the	  conditions	  employed	  so	  far.	  
	  
A	   simple	  binding	  assay	  was	   therefore	   conducted	   in	  which	  FIP111(DMBAP,	  NaOAc)	  
was	  used	  to	  bind	  phosphopeptides	  from	  a	  mixture	  containing	  no	  nonphosphorylated	  
species.	   	   This	   would	   show	   whether	   or	   not	   the	   FIP	   generally	   recognises	  
phosphopeptides.	  
	  
Four	   different	   loading	   solutions	   were	   also	   compared	   (vide	   infra),	   to	   determine	  
optimal	  conditions	  for	  phosphopeptide	  uptake.	  
 
7.6.1	  	   Experimental	  Design	  
 
Eight	   batch	   equilibration	   assays	   were	   set	   up,	   using	   either	   FIP	   FIP111(DMBAP,	  
NaOAc)	  (4	  mg)	  or	  control	  polymer	  pDMBAP(NaOAc)	  (4	  mg)	  and	  one	  of	  the	  following	  
four	  loading	  solvents:	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• 1:1	  v/v	  MeCN	  :	  0.1%	  TFA	  [pH	  2.2]	  
• 0.1%	  TFA	  [pH	  2.2]	  
• 1:1	  v/v	  MeCN	  :	  100	  mM	  NH4OAc	  [pH	  3.0]	  
• 100	  mM	  NH4OAc	  [pH	  3.0]	  
	  
100	  mM	   NH4OAc	   [pH	   3.0]	   (i.e.	   without	   organic	   co-­‐solvent)	   was	   employed	   to	  
determine	   whether	   this	   affords	   improved	   phosphopeptide	   enrichment	   compared	  
with	  1:1	  v/v	  MeCN	  :	  100	  mM	  NH4OAc	  [pH	  3.0].	  	  And	  0.1%	  TFA	  [pH	  2.2]	  was	  screened	  
because	   this	   solvent	   is	   sometimes	   reported	   for	   phosphopeptide	   enrichment	  
protocols	  using	  TiO2	  [125].	  
	  
The	   polymer	   was	   suspended	   in	   the	   appropriate	   solvent	   mixture	   and	   allowed	   to	  
pre-­‐swell	   for	   20	  h.	   	   An	   equimolar	  mixture	   of	   six	   phosphopeptides	   (PP1,	  PP2,	  PP3,	  
PP4,	  PP5	  and	  PP6),	  in	  the	  designated	  solvent,	  was	  then	  added	  to	  the	  polymers,	  and	  
the	   suspensions	  allowed	   to	  equilibrate	  at	  RT	   for	  1	  h,	  being	  periodically	   agitated	  as	  
described	  previously	  	  (Section	  7.4.1).	  	  The	  polymers	  were	  then	  sedimented	  by	  brief	  
centrifugation	   and	   the	   supernatants	   carefully	   removed,	   again	   as	   previously	  
described.	   	  Polymers	  were	  washed,	  and	  finally	  treated	  with	  1:1	  v/v	  MeCN	  :	  5	  wt.	  %	  
H3PO4	  to	  elute	  any	  bound	  peptides.	  	  All	  fractions	  were	  analysed	  by	  MALDI-­‐TOF	  MS	  as	  
described	  previously.	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7.6.2	  	   Results	  and	  Discussion	  
 
Figure	  7-­‐13	  shows	  a	  mass	  spectrum	  corresponding	  to	  the	  phosphopeptide	  mixture	  at	  
t=0.	   	   All	   phosphopeptides	   are	   detected,	   with	   PP3	   ([M+H]+	   1422.954	   Da)	   at	   much	  
greater	  signal	  intensity	  than	  the	  other	  phosphopeptides:	  this	  is	  likely	  to	  be	  because	  
PP3	  has	  many	  basic	  residues	  (Arg,	  Lys,	  Glu),	  which	  ionise	  readily.	  
	  
Figure	   7-­‐14	   shows	  mass	   spectra	   of	   the	   first	   elution	   fractions	   from	   the	   four	   batch	  
equilibration	  assays	  using	  polymer	  FIP111(DMBAP,	  NaOAc),	  and	  Figure	  7-­‐15	  shows	  
mass	   spectra	  of	   the	   first	   elution	   fractions	   from	   the	   four	  batch	  equilibration	  assays	  
using	  control	  polymer	  pDMBAP(NaOAc).	  
 
Figure	   7-­‐13	   (Refer	   to	   Section	   7.6:	   Can	  
Binding	   of	   Carboxylated	   Residues	   to	  
FIP111(DMBAP,	  	   NaOAc)	   be	   Diminished	  
Using	   a	   Glutamic	   Acid	   Wash?):	  
MALDI-­‐TOF	   mass	   spectrum	   of	  
phosphopeptide	  mixture	  at	   t=0,	   showing	  
all	  six	  phosphopeptides.	  	  	  
Approximate	   on-­‐target	   amount	   of	   each	  






PP4 (Met Ox) 
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Figure	  7-­‐14	  (Refer	  to	  Section	  7.6:	  Can	  Binding	  of	  Carboxylated	  Residues	  to	  FIP111(DMBAP,	  NaOAc)	  be	  
Diminished	  Using	  a	  Glutamic	  Acid	  Wash?):	  MALDI-­‐TOF	  mass	  spectra	  of	  first	  elution	  fractions	  from	  batch	  
equilibration	  where	   polymer	   =	   FIP111(DMBAP,	  NaOAc)	   and	   loading	   solvent	   =	  A)	   1:1	   v/v	  MeCN	  :	   0.1%	  
TFA	  [pH	  2.2];	  B)	  0.1%	  TFA	  [pH	  2.2];	  C)	  1:1	  v/v	  MeCN	  :	  100	  mM	  NH4OAc	  [pH	  3.0];	  D)	  100	  mM	  NH4OAc	  [pH	  
3.0].	  
Maximum	  on-­‐target	  amount	  of	  each	  peptide:	  	  approx.	  100	  fmol.	  	  Matrix:	  PA-­‐DHB	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loading solvents screened: this was the anticipated result and corroborates with the 
A) B) 
C) D) 
	  Figure	   7-­‐15	   (Refer	   to	   Section	   7.6:	   Can	   Binding	   of	   Carboxylated	   Residues	   to	   FIP111(DMBAP,	  
NaOAc)	   be	  Diminished	  Using	   a	   Glutamic	  Acid	  Wash?):	   	  MALDI-­‐TOF	  mass	   spectra	  of	   first	   elution	  
fractions	  from	  batch	  equilibration	  where	  polymer	  =	  pDMBAP(NaOAc)	  and	  loading	  solvent	  =	  A)	  1:1	  
v/v	  MeCN	  :	  0.1%	  TFA	  [pH	  2.2];	  B)	  0.1%	  TFA	  [pH	  2.2];	  C)	  1:1	  v/v	  MeCN	  :	  100	  mM	  NH4OAc	  [pH	  3.0];	  D)	  
100	  mM	  NH4OAc	  [pH	  3.0].	  	  No	  ions	  detected.	  
Maximum	  on-­‐target	  amount	  of	  each	  peptide:	  approx.	  100	  fmol.	  	  Matrix:	  PA-­‐DHB	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Firstly,	  pDMBAP(NaOAc)	  does	  not	  retain	  phosphopeptides	  in	  any	  of	  the	  four	  loading	  
solvents	  screened:	  this	  was	  the	  anticipated	  result	  and	  corroborates	  with	  the	  results	  
of	   the	   experiment	   in	   Section	   7.4	   (Investigation	   into	   the	   Phosphopeptide	  
Recognition	   Performance	   of	   2nd	   Generation	   FIPs	   using	   a	   Mixture	   of	  
Phosphorylated	  and	  Nonphosphorylated	  Synthetic/Purified	  Peptides).	  	  As	  before,	  it	  
indicates	  that	  any	  phosphopeptide	  recognition	  by	  polymer	  FIP111(DMBAP,	  NaOAc)	  
occurs	  via	  the	  gallium-­‐functionalised	  recognition	  sites.	  
	  
Table	  7-­‐5	  lists	  the	  phosphopeptides	  detected	  in	  the	  first	  elution	  fractions	  from	  batch	  
equilibration	   assays	   using	   FIP111(DMBAP,	   NaOAc).	   	   Note	   that	   the	   same	  
phosphopeptides	   were	   observed	   in	   the	   second	   elution	   fractions,	   whilst	   no	  
phosphopeptides	  were	  detected	  in	  the	  third	  elution	  steps	  (not	  shown).	  	  
	  
Table	  7-­‐5	  (Refer	  to	  Section	  7.6:	  Can	  Binding	  of	  Carboxylated	  Residues	  to	  FIP111(DMBAP,	  NaOAc)	  be	  
Diminished	  Using	  a	  Glutamic	  Acid	  Wash?):	  List	  of	  phosphopeptides	  detected	  in	  first	  elution	  fractions	  




Phosphopeptides	  Detected	  in	  First	  Elution	  
Fraction	  
Loading	  solvent	   PP1	   PP2	   PP3	   PP4	   PP5	   PP6	  
1:1	  v/v	  MeCN	  :	  0.1%	  TFA	  [pH	  2.2]	   	   	   	   	   	   	  
0.1%	  TFA	  [pH	  2.2]	   	   	   	   	   	   	  
1:1	  v/v	  MeCN	  :	  100	  mM	  NH4OAc	  [pH	  3.0]	   	   	   	   	   	   	  
100	  mM	  NH4OAc	  [pH	  3.0]	   	   	   	   	   	   	  
Total	  Number	  of	  Amino	  Acid	  Residues	   16	   19	   11	   21	   12	   12	  
Number	  of	  Carboxylated	  Residues	  (E,	  D)	   6	   4	   0	   0	   3	   3	  
Number	  of	  Phosphorylated	  Residues	   1	   1	   1	   1	   1	   3	  
Identity	  of	  Phosphorylated	  Residue(s)	   S	   S	   S	   S	   Y	   YYY	  
Number	  of	  Basic	  Residues	  (K,	  R)	   1	   3	   4	   2	   3	   3	  
[M+H]+	  (Da)	   2063.0	   2193.4	   1423.5	   2313.6	   1703.8	   1862.8	  
Theoretical	  pI	   3.37	   4.46	   9.70	   7.13	   4.56	   3.56	  
GRAVY	  Index	   -­‐2.331	   -­‐0.424	   -­‐2.582	   -­‐0.338	   -­‐2.017	   -­‐2.017	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  Firstly,	   this	  data	   is	  evidence	  that	  phosphopeptides	  are	  being	  bound	  and	  eluted.	   	   It	  
suggests	   therefore	   that	   the	   general	   absence	   of	   phosphopeptides	   in	   the	   elution	  
fractions	   of	   experiments	   in	   Sections	   7.4	   and	   7.5	   is	   due	   to	   the	   overwhelming	  
presence	   of	   the	   co-­‐purified	   nonphosphorylated	   peptide,	   Glu-­‐Fib	   (i.e.	   an	   ionisation	  
suppression	  phenomenon),	  rather	  than	  the	  phosphopeptides	  either	  not	  being	  bound	  
or	  not	  being	  eluted.	  
	  
It	   is	   noteworthy	   that	   on	   no	   occasion	   did	   the	   FIP	   (bind	   and)	   elute	   all	   six	  
phosphopeptides.	   	   In	   theory,	   various	   different	   parameters	   can	   be	   correlated	  with	  
which	  particular	  phosphopeptides	  were	  bound,	  including:	  identity	  of	  phosphorylated	  
residue	  (pSer	  or	  pTyr);	  peptide	  size;	  number	  of	  phosphorylated	  residues;	  number	  of	  
carboxylated	   residues;	   number	   of	   basic	   residues	   (which	   may	   hydrogen-­‐bond	   to	  
phosphate	   [93]	   or	   even	   repel	   Ga(III)	   chelation).	   	   Whilst	   a	   more	   comprehensive	  
investigation	  should	  be	  conducted	  to	  determine	  which	  of	  these	  factors	  most	  applies	  
here,	  a	  cursory	  examination	  of	  Table	  7-­‐5	  suggests	  the	  following:	  	  
1)	   The	   FIP	   recognises	   peptides	   phosphorylated	   at	   either	   Ser	   or	   Tyr.	   	   If	  
phosphopeptide	  recognition	  does	  occur	  via	  the	  phosphate	  group,	  as	  expected,	  then	  
it	  does	  not	  discriminate	  between	  different	  substructures,	  as	   is	   the	   intention	  of	   the	  
FIP	  concept.	  
2)	   Furthermore,	   the	   FIP	   recognises	   both	   singly	   (PP1-­‐5)	   and	   multiply	   (PP6)	  
phosphorylated	  peptides.	  
3)	  There	  is	  not	  an	  obvious	  correlation	  between	  peptide	  length	  (i.e.	  number	  of	  amino	  
acid	   residues)	   and	   selective	   enrichment	  by	   the	   FIP.	   	   Admittedly,	  PP4,	  which	   is	   not	  
detected	  in	  any	  of	  the	  elution	  fractions,	  is	  the	  longest	  phosphopeptide	  screened	  (21	  
residues);	   however,	   in	   our	   opinion,	   an	   insufficiently	   extensive	   range	   of	   peptide	  
lengths	   has	   been	   screened	   here	   to	   warrant	   any	   such	   conclusions	   based	   on	   these	  
data.	  
4)	  The	  least	  frequently	  detected	  phosphopeptides,	  PP3	  and	  PP4,	  are	  the	  least	  acidic	  
(no	  Glu	  or	  Asp	  residues	  therefore	  pI	  =	  9.70	  and	  7.13	  respectively).	  	  Conversely,	  those	  
most	   frequently	  detected	   (PP1,PP5,	  PP6)	  are	  more	  acidic	   (pI	  =	  3.37,	  4.56	  and	  3.56	  
respectively).	   	   This	   observation	   supports	   the	   suggestion	   that	   binding	   of	   multiple	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negatively	   charged	   residues	   (phosphate	   and	   carboxylate	   groups)	   is	   generally	  
stronger	  than	  binding	  of	  a	  single	  phosphate	  group.	  
	  
Looking	   next	   at	   the	   degree	   of	   phosphopeptide	   uptake	   in	   the	   different	   loading	  
solutions,	  it	  is	  evident	  that	  the	  greatest	  overall	  coverage	  of	  phosphopeptides	  occurs	  
when	   1:1	   v/v	   MeCN	  :	   0.1%	   TFA	   [pH	   2.2]	   is	   used	   as	   the	   loading	   solvent	   (four	  
phosphopeptides	  detected).	  	  Three	  phosphopeptides	  are	  detected	  when	  the	  loading	  
solvent	  is	  either	  0.1%	  TFA	  [pH	  2.2]	  or	  1:1	  v/v	  MeCN	  :	  100	  mM	  NH4OAc	  [pH	  3.0].	  	  And	  
no	  phosphopeptides	  are	  detected	  when	  100	  mM	  NH4OAc	  [pH	  3.0]	  is	  used	  as	  loading	  
solvent.	  	  	  
	  
That	   the	   greatest	   overall	   uptake	   of	   analytes	   (be	   they	   phosphorylated	   or	  
nonphosphorylated)	   occurs	   in	   1:1	   v/v	   MeCN	  :	   0.1%	   TFA	   [pH	   2.2]	   agrees	   with	   the	  
results	  of	  the	  binding	  assays	  in	  Section	  6.3.	  	  However,	  we	  have	  no	  clear	  explanation	  
as	   to	  why	   the	   greatest	  overall	   uptake	  occurs	   at	   this	   pH:	  under	   these	   conditions,	   a	  
typical	   phosphate	  monoester	   is	   predominantly	  monoanionic	   (pKa	   =	   approx.	   2	   (first	  
ionisation),	   6	   (second	   ionisation)	   [240,	   301]),	   whilst	   a	   typical	   carboxylate	   is	  
protonated	   (pKa	  =	  approx.	  3.8-­‐4.3)	   [301].	   	   Therefore,	   if	   it	   is	   supposed	   that	   the	  Ga-­‐
mediated	  binding	  sites	  bind	  anionic	   species,	  one	  would	  expect	  carboxylate	  binding	  
to	   be	   greatest	   at	   ≥	  pH	   4.	   	   Furthermore,	   we	   have	   no	   explanation	   as	   to	   why	   no	  
phosphopeptides	  were	  retained	  in	  100	  mM	  NH4OAc	  [pH	  3.0],	  and	  would	  require	  to	  
carry	  out	  more	  comprehensive	  studies	  in	  this	  regard.	  
	  
Despite	  these	  unexplained	  results,	  this	  experiment	  has	  confirmed	  that	  the	  FIP	  does	  
recognise	   phosphopeptides.	   	   Moreover,	   an	   optimal	   loading	   solvent	   has	   been	  
established	  (namely	  1:1	  v/v	  MeCN	  :	  0.1%	  TFA	  [pH	  2.2]).	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7.7	  	   	   Investigation	  into	  the	  Phosphopeptide	  Recognition	  
	   	   Performance	  of	  FIP111(DMBAP,	  NaOAc)	  using	  a	  	  
	   	   Mixture	  of	  Phosphorylated	  and	  	  	   	   	  
	   	   Nonphosphorylated	  Synthetic	  Peptides	  	  
 
 
Having	  determined	  that	  loading	  solvent	  1:1	  v/v	  MeCN	  :	  0.1%	  TFA	  [pH	  2.2]	  affords	  the	  
greatest	   uptake	   of	   phosphopeptides	   by	   FIP111(DMBAP,	   NaOAc)	   (see	   section	   7.6),	  
another	   batch	   equilibration	   assay	   was	   carried	   out	   in	   the	   same	   solvent,	   this	   time	  
using	  a	  mixture	  of	  phosphorylated	  and	  nonphosphorylated	  peptides.	  	  The	  objective	  
was	  to	  achieve	  improved	  phosphopeptide	  enrichment	  over	  that	  in	  Section	  7.4.	  
 
7.7.1	  	   Experimental	  Design	  
 
A	   single	   binding	   assay	   was	   set	   up	   according	   to	   the	   method	   described	   for	   the	  
experiment	   in	   Section	   7.4,	   this	   time	   using	   only	   one	   polymer	   (FIP111(DMBAP,	  
NaOAc))	  and	  using	  1:1	  v/v	  MeCN	  :	  0.1%	  TFA	  [pH	  2.2]	  as	  loading	  solvent.	  	  As	  with	  the	  
experiment	   in	  Section	  7.4,	   the	  binding	  solution	  contained	  an	  equimolar	  mixture	  of	  
three	   phosphopeptides	   (PP1,	   PP4	   and	   PP5)	   and	   two	   nonphosphorylated	   peptides	  
(Glu-­‐Fib	  and	  ANP).	  	  Following	  equilibration	  at	  RT	  for	  1	  h,	  the	  polymer	  was	  washed	  (3	  
×	  1:1	  v/v	  MeCN	  :	  0.1%	  TFA	  [pH	  2.2],	  3	  ×	  1:1	  v/v	  MeCN	  :	  H2O),	  and	  then	  treated	  with	  
1:1	   v/v	  MeCN	  :	  5	  wt.	  %	  H3PO4	   (3	  ×	   16	  µL)	   to	   elute	   any	   bound	   peptides.	   	   All	   other	  
parameters	  as	  described	  previously	  (Section	  7.4.1).	  
 
7.7.2	  	   Results	  and	  Discussion	  
 
Figure	   7-­‐16	   shows	  MALDI-­‐TOF	  mass	   spectra	  of	   the	   third	  and	   sixth	  wash	   steps	  and	  
first	  and	  second	  elution	  fractions..	  	  	  
	  
It	  was	  expected	  that	  the	  use	  of	  1:1	  v/v	  MeCN	  :	  0.1%	  TFA	  [pH	  2.2]	  as	  loading	  solvent	  
would	  give	  superior	  results	  to	  the	  experiment	  in	  Section	  7.4	  (Figure	  7-­‐10),	  where	  1:1 
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v/v	  MeCN	  :	  100	  mM	  NH4OAc	   [pH	  3.0]	  was	  used;	  disappointingly	  however,	   still	  only	  
one	   phosphopeptide	   is	   detected	   in	   the	   elution	   fractions	   (albeit	   a	   different	  
phosphopeptide	  to	  that	  detected	  in	  the	  experiment	  in	  Section	  7.4).	  	  As	  with	  previous	  
experiments,	   the	  nonphosphorylated	  Glu-­‐Fib	   is	   the	  predominant	   ion	  detected,	  and	  
this	   result	   is	   likely	   to	  be	  a	   combination	  of	  1)	   stronger	  binding	   to	   the	  FIP,	  owing	   to	  
multiple	  acidic	  residues	  and	  2)	  a	  phosphopeptide	  ionisation	  phenomenon	  (selective	  
suppression	   of	   the	   ionisation	   of	   phosphorylated	   species	   in	   the	   presence	   of	  
nonphosphorylated	  species	  [50]).	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Figure	   7-­‐16	   (Refer	   to	   Section	   7.7,	   Investigation	   into	   the	   Phosphopeptide	   Recognition	  
Performance	   of	   FIP111(DMBAP,	   NaOAc)	   using	   a	   Mixture	   of	   Phosphorylated	   and	  
Nonphosphorylated	  Synthetic	  Peptides	  Using	  Conditions	  Developed	  in	  Section	  7.6):	  MALDI-­‐TOF	  
mass	  spectra	  of:	  A)	  third	  wash	  step;	  B)	  sixth	  wash	  step;	  C)	  first	  elution	  fraction;	  D)	  second	  elution	  
fraction.	  	  Phosphopeptides	  are	  marked	  by	  an	  asterisk.	  	  	  
Maximum	  on-­‐target	  amount	  of	  each	  peptide:	  approx.	  500	  fmol.	  	  Matrix:	  PA-­‐DHB.	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7.8	  	   	   Effect	  of	  Binding	  Time	  on	  Phosphopeptide	  	   	  
	   	   Recognition	  Performance	  of	  FIP111(DMBAP,	  	  
	   	   NaOAc)	  
 
As	  a	  final	  experiment,	  it	  was	  investigated	  whether	  a	  longer	  equilibration	  time	  results	  
in	   more	   phosphoselective	   recognition:	   whilst	   the	   experiments	   in	   Chapter	   6	  
demonstrated	  that	  equilibration	  is	  reached	  by	  1-­‐2	  h	  when	  the	  polymers	  are	  used	  to	  
bind	  small	  molecules,	  the	  peptides	  used	  in	  the	  present	  chapter	  are	  a	  little	  larger	  than	  
this	  (12	  -­‐	  21	  residues	  long).	  	  They	  might	  therefore	  require	  more	  time	  to	  diffuse	  to	  the	  
'best'	   (i.e.	  most	  phosphoselective)	  binding	  sites.	   	  Other	   factors	  that	  may	  be	  at	  play	  
here	  include	  the	  kinetics	  of	  binding	  to	  the	  receptor	  (including	  the	  time	  it	  takes	  if	  first	  
bound	  wrongly	  and	  then	  to	  rearrange).	  
	  
* * 
A) B) Glu-Fib 
Glu-Fib 
Figure	   7-­‐17	   (Refer	   to	   Section	   7.8:	   Effect	   of	   Binding	   Time	   on	   Phosphopeptide	   Recognition	  
Performance	  of	  FIP111(DMBAP,	  NaOAc)):	  MALDI-­‐TOF	  mass	  spectra	  of:	  A)	   first	  elution	  step;	  B)	  
second	  elution	  step.	  Phosphopeptides	  marked	  by	  an	  asterisk.	  	  	  
Maximum	  on-­‐target	  amount	  of	  each	  peptide:	  approx.	  500	  fmol.	  	  Matrix:	  PA-­‐DHB.	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7.8.1	  	   Experimental	  Design	  
	  
A	  single	  batch	  equilibration	  assay	  was	  set	  up	  exactly	  as	  in	  the	  experiment	  in	  Section	  
7.7;	   however,	   the	   polymer/	   peptide	  mixture	  was	   left	   to	   equilibrate	   at	   RT	   for	   24	  h	  
rather	  than	  1	  h.	  
7.8.2	  	   Results	  and	  Discussion	  
 
Mass	  spectra	  of	  the	  first	  and	  second	  elution	  steps	  from	  the	  present	  experiment	  are	  
shown	  in	  Figure	  7-­‐17.	   	  These	  are	  almost	  identical	  in	  appearance	  (peptide	  coverage,	  
relative	   ionisation	   intensities)	   to	   spectra	   of	   the	   equivalent	   fractions	   from	   the	  
experiment	   in	   Section	   7.7	   (Figure	   7-­‐16	   C	   and	   D),	   indicating	   that	   a	   longer	  
equilibration	   time	  does	  not	   improve	   the	  phosphopeptide	  enrichment	  performance	  
of	  the	  polymer.	  	  
	  
7.9  Comparison with the Literature 
 
Finally,	  the	  results	  of	  this	  chapter	  were	  compared	  with	  those	  of	  Emgenbroich	  et	  al.	  
[22],	  who	  have	  reported	  a	  MIP	  imprinted	  with	  Fmoc-­‐pTyrOMe	  (pTyr	  epitope-­‐mimic)	  
and	   bearing	  monourea-­‐based	   binding	   sites	   (first	   discussed	   in	   Section	   1.14).	   	   Brief	  
experiments	   in	   which	   the	   phosphorylated	   and	   nonphosphorylated	   peptides	   pAng	  
and	   Ang	   (pAng	   =	   DRVpYIHPF)	   were	   separately	   injected 22 	  (i.e.	   non-­‐competitive	  
conditions)	  onto	  either	  a	  MIP	  or	  a	  NIP	  (as	  offline	  SPE-­‐style	  columns),	   indicated	  that	  
the	   MIP	   preferentially	   retained	   pAng	   (determined	   via	   HPLC	   analysis	   plus	   non-­‐
quantitative	  MALDI-­‐TOF	  MS	   analysis).	   	   Thus,	   percentage	   relative	  MALDI-­‐TOF	   peak	  
intensity23	  of	  pAng	  and	  Ang	  in	  elution	  phases	  from	  the	  MIP	  =	  approx.24	  32%	  and	  0%25	  
respectively,	  whilst	  percentage	  relative	  intensity	  of	  pAng	  and	  Ang	  in	  elution	  phases	  
from	  the	  NIP	  =	  0%24 ,25 	  for	  each	  peptide.	  	  However,	  the	  authors	  also	  report	  that	  the	  
                                                
22	  loading	  buffer:	  95:5	  v/v	  MeCN:0.1%	  TFA	  (aq);	  elution	  buffer:	  MeOH	  +	  0.1%	  TFA.	  
23	  Percentage	   relative	   intensities	   calculated	   with	   reference	   to	   the	   total	   peak	   intensity	   of	   the	  mass	  
spectra.	  
24	  Data	  abstracted	  from	  graph22.	   Emgenbroich,	   M.,	   et	   al.,	   A	   Phosphotyrosine-­‐Imprinted	   Polymer	  
Receptor	  for	  the	  Recognition	  of	  Tyrosine	  Phosphorylated	  Peptides.	  Chem.	  Eur	  J.,	  2008.	  14(31):	  9516-­‐
9529.;	  accurate	  numbers	  not	  provided	  by	  authors.	  
25	  100%	  relative	  intensity	  eluted	  from	  polymer	  in	  loading	  phase	  i.e.	  negligible	  retention.	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polymers	   exhibit	   negligible	   phosphoselectivity	   for	   a	   pSer-­‐containing	   peptide	  
(CDFRpSFRSVT)	   over	   its	   non-­‐phosphorylated	   equivalent	   (experimental	   set-­‐up	   as	  
described	   for	  pAng/Ang).	   	   Selectivity	   is	   therefore	   for	   the	  pTyr	  epitope,	   rather	   than	  
phosphorylated	  species	  in	  general.	  
	  
Whilst	   our	   own	   results	   indicate	   that	  FIP111(DMBAP,	   NaOAc)	   does	   also	   retain	   and	  
elute	  phosphopeptides	  (Section	  7.6),	  we	  have	  not	  demonstrated	  that	  it	  does	  so	  over	  
non-­‐phosphorylated	   peptides	   (specifically,	   over	   Glu-­‐Fib).	   	   However,	   the	  
non-­‐phosphorylated	  peptide	  used	  by	  Emgenbroich	  et	  al.	   is	  certainly	  less	  acidic	  than	  
Glu-­‐Fib	  (Ang	  =	  1	  carboxylated	  residue,	  pI	  =	  6.74;	  Glu-­‐Fib	  =	  4	  carboxylated	  residues,	  pI	  
=	  4.00),	  and	  this	  naturally	  works	  in	  favour	  of	  phosphoselective	  performance.	  
	  
7.10   Concluding Comments 
 
To	  conclude,	  a	  number	  of	  simple	  binding	  assays	  have	  been	  carried	  out,	  with	  the	  view	  
to	  providing	   initial	  evidence	  of	  phosphopeptide	  enrichment	  using	  phosphoselective	  
FIPs,	   as	   well	   as	   to	   optimise	   binding	   conditions	   prior	   to	   applying	   the	   FIPs	   to	  more	  
complex	  samples.	  
At	   this	   stage,	   whilst	   it	   has	   been	   shown	   that	   second-­‐generation	   FIPs	   (in	   particular	  
FIP111(DMBAP,	   NaOAc))	   are	   capable	   of	   binding	   and	   subsequently	   releasing	  
phosphopeptides,	   co-­‐enrichment	   of	   particularly	   acidic	   nonphosphorylated	   species	  
nonetheless	  occurs;	  furthermore,	  it	  is	  likely	  that	  binding	  of	  such	  multiply-­‐oxyanionic	  
compounds	  is	  stronger	  than	  binding	  of	  a	  single	  phosphate	  group.	  
Despite	  these	  issues,	  there	  are	  nonetheless	  encouraging	  aspects	  of	  the	  above	  results	  
and	   those	   of	   Chapter	   6.	   	   In	   future	   one	   would	   wish	   to	   subject	   (improved)	   FIPs	   to	  
further	  proteomics	  experiments,	  for	  example:	  
	  
1)	   To	   directly	   compare	   the	   performance	  of	   the	   FIPs	  with	   that	   of	   conventional	  
IMAC	  (especially	  IDA/	  Ga(III)	  IMAC),	  in	  order	  to	  demonstrate	  whether	  the	  act	  
of	  imprinting	  does	  result	  in	  improved	  phosphoselective	  behaviour.	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2)	   To	   work	   with	   more	   simple	   mixtures,	   for	   example	   a	   (non-­‐acidic)	  
phosphopeptide	   and	   its	   nonphosphorylated	   equivalent	   (similar	   to	   the	  
experiments	   of	   Emgenbroich	  et	   al.	   [22]),	   in	   order	   to	   better	   understand	   FIP	  
recognition	  mechanisms.	  	  In	  particular,	  direct	  comparisons	  with	  the	  peptides	  
used	  by	  Emgenbroich	  et	  al.	  
3)	  	   To	   investigate	  the	  extent	   to	  which	  %	   loading	   (relative	  to	  number	  of	  binding	  
sites)	  affects	  binding	  performance	  in	  the	  context	  of	  phosphoproteomics.	  
4)	   To	  quantitatively	  analyse	  phosphopeptide	  enrichment	  with	  FIPs,	  using	  either	  
HPLC	  or	  quantitative	  MS	  once	  FIP	  enrichment	  has	  been	  demonstrated	   [74].	  	  
Quantitative	  analysis	  would	  also	  be	  useful	  in	  better	  determining	  how	  much	  of	  
each	   peptide	   has	   been	   extracted	   from	   the	   pre-­‐equilibration	  mixture.	   	  Note	  
that	  quantitiative	  analysis	  technology	  of	  MALDI	  MS	  is	  somewhat	  in	  its	  infancy	  
[74],	  and	  was	  even	  more	  so	  when	  this	  research	  was	  carried	  out,	  meaning	  that	  
it	  was	  not	  feasible	  at	  the	  time	  to	  do	  such	  analysis	  on	  the	  current	  project.	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Summary and Conclusions 
 
 
resented	  here	  is	  a	  brief	  summary	  of	  the	  main	  achievements	  and	  progress	  made	  
as	  part	  of	  this	  project.	  
	  
A	   novel	   adaptation	   of	  molecular	   imprinting	   technology,	   termed	   'Functional	   Group	  
Imprinting',	   was	   proposed	   as	   a	   possible	   solution	   to	   the	   inefficient	   enrichment	   of	  
phosphopeptides	  from	  biological	  samples.	  
	  
A	   Functional	   Group	   Imprinted	   Polymer	   (FIP),	   designed	   to	   contain	   binding	   sites	  
imprinted	  with	   the	   phosphate	  monoester	   functional	   group,	  was	   synthesised.	   	   This	  
included	  a	  novel	  isothiouronium-­‐functionalised	  monomer,	  ITU-­‐FM,	  which	  was	  shown	  
(by	   1H	   NMR	   spectroscopy)	   to	   exist	   as	   two	   interconverting	   isomers;	   likely	   isomeric	  
structures	  were	   proposed.	   	   Various	   phosphorylation	   strategies	  were	   attempted	   in	  
order	  to	  synthesise	  the	  chosen	  template	  molecule,	  ADPHOS-­‐TBA;	  ultimately	  a	  route	  
using	  the	  P(III)	  phosphitylation	  reagent	  57	  was	  successful.	  	  Multinuclear	  NMR-­‐based	  
pre-­‐polymerisation	  complexation	  experiments	  were	  carried	  out,	   in	  order	  to	   further	  
understand	   the	   structure,	   stoichiometry	   and	   geometry	   of	   the	   polymeric	   binding	  
sites.	  	  A	  Job's	  Plot	  indicated	  that	  ITU-­‐FM	  and	  ADPHOS-­‐TBA	  exist	  in	  both	  a	  1:1	  and	  2:1	  
stoichiometric	   ratio	   (in	   CDCl3),	   and	   likely	   structures	   for	   these	   complexes	   were	  
proposed.	   	   NMR	   titration	   experiments	   between	   ITU-­‐FM	   and	   a	   representative	  
phosphorylated	  molecule,	  again	  in	  CDCl3,	  afforded	  possible	  values	  of	  Ka	  ranging	  from	  
approx.	   4000	   M-­‐1	   to	   400	   M-­‐1.	   	   Finally,	   the	   FIP	   itself	   was	   prepared	  
(FIP1(ITU,ADPHOS)),	   and	   1H	   NMR	   spectroscopic	   analysis	   of	   the	   template-­‐removal	  
fractions	  indicated	  that	  >99%	  of	  the	  template	  molecule	  had	  been	  removed.	  
	  
Initial	   analysis	   of	   the	   phosphate	   monoester	   recognition	   properties	   of	  
FIP1(ITU,ADPHOS),	  via	  batch	  equilibration	  method,	  afforded	  a	  number	  of	  promising	  
P 
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observations:	  that	  the	  polymer	   is	  able	  to	  recognise	  a	  phosphorylated	  analyte	  other	  
than	  the	  original	  template	  molecule	  (towards	  the	  promiscuity	  requirement	  of	  the	  FIP	  
concept);	   that	  bound	  analytes	  can	  be	   recovered	   intact	   from	  the	  polymer;	  and	   that	  
the	   polymer	   is	   generally	   phosphoselective,	   and	   is	   more	   so	   than	   a	   non-­‐imprinted,	  
control	   polymer,	   thereby	   providing	   initial	   evidence	   that	   FIP1(ITU,ADPHOS)	   is	  
genuinely	  imprinted	  with	  the	  phosphate	  monoester	  functional	  group.	  	  However,	  the	  
degree	  of	  (undesirable)	  binding	  of	  non-­‐phosphorylated	  analytes	  observed,	  in	  spite	  of	  
the	   nonchallenging	   conditions	   (use	   of	   non-­‐competitive	   solvent),	   lead	   to	   the	  
necessary	  development	  of	  a	  completely	   improved	  phosphate	  monoester	   imprinted	  
polymer.	  
	  
Thus	   a	   second-­‐generation	   FIP,	   based	   on	  Ga-­‐mediated	   coordination,	  was	   designed.	  	  
The	  initial	  synthetic	  route	  to	  a	  novel	  monomer	  based	  on	  Ga-­‐chelated	  iminodiacetic	  
acid	  was	  unsuccessful	  due	  to	  difficulties	  in	  the	  amination	  step.	  	  An	  alternative	  route	  
afforded	   the	   desired	  monomer,	   and	   this	   was	   used	   for	   various	   pre-­‐polymerisation	  
complexation	  experiments,	   in	  order	  to	  acquire	  a	  better	  understanding	  of	  the	  mode	  
of	   binding	   and	   the	   complexation	   structures.	   NMR-­‐based	   Job's	   Plot	   analysis	   of	   the	  
uncoordinated	  monomer	  (FM88)	  and	  Ga(III)Cl3	  indicated	  that	  FM88	  and	  Ga3+	  form	  a	  
number	   of	   co-­‐existing	   complexes	   (connected	   by	   equilibria)	   in	   aqueous	   solution,	  
predominantly	   in	  1:1	  and	  2:1	   stoichiometric	   ratio.	   	   The	  experiment	  also	   confirmed	  
which	  substructures	  on	  FM88	   interact	  with	  the	  metal	  centre,	   thereby	  allowing	  one	  
to	   propose	   likely	   [xFM88+yGa(III)]	   complexation	   structures.	   	   Further	  
pre-­‐polymerisation	   complexation	   experiments	   were	   carried	   out	   using	   IDA	   as	   a	  
substitute	   for	   FM88,	   owing	   to	   the	   limited	   solubility	   of	   metal	   complexes	   involving	  
FM88.	   	  From	  these	  experiments,	   the	   following	   inferences	  were	  put	   forward:	  FM88	  
and	  Ga(III)	  do	  form	  complexes	  in	  acetate	  buffer	  [pH	  4.0]	  (it	  was	  previously	  suspected	  
that	   the	   competitive	   solvent	   may	   hinder	   such	   complexation),	   and	   that	  
[xFM88+yGa(III)]	   species	   further	   complex	   with	   phosphorylated	   species,	   again	   in	  
acetate	  buffer	  [pH	  4.0].	  
	  
Following	   these	   promising	   results,	   potential	   water-­‐compatible	   crosslinkers	   for	  
polymer	   formation	   were	   investigated	   -­‐	   this	   aspect	   of	   molecular	   imprinting	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technology	   is	  currently	  very	  much	  underdeveloped,	  with	  users	  making	  do	  with	  off-­‐
the-­‐shelf	   compounds,	   in	   spite	   of	   their	   obvious	   unsuitability.	   	   A	   series	   of	   FIPs	   was	  
initially	   prepared	   using	   PEGDA	   [ADE	   500];	   however,	   the	   polymer	   backbone	  
underwent	   unexpected	   hydrolytic	   degradation	   when	   Ba(OH)2	   was	   employed	   to	  
remove	   the	   molecular	   templates	   (confirmed	   via	   two	   subsequent	   NMR-­‐based	  
experiments).	   	   Two	   alternative,	   hydrolytically	   stable	   crosslinkers	   were	   therefore	  
investigated:	  these	  are	  completely	  novel	  to	  the	  field	  of	  molecular	   imprinting.	   	  Thus	  
the	   bis-­‐acrylamide	   derivatives	   DMBAP	   and	   DMBADOOM	   were	   synthesised,	  
confirmed	  by	  NMR	  experiments	  to	  be	  hydrolytically	  stable,	  and	  then	  carried	  through	  
to	   the	   polymerisation	   step	   (once	   an	   optimal	   molar	   ratio	   of	   the	   above	   crosslinker	  
relative	   to	   FM88/Ga3+/template	   had	   been	   established).	   	   Accordingly,	   three	   sets	   of	  
FIPs	   (FIP111(DMBAP,NaOAc),	   FIP211(DMBAP,NaOAc)	   and	   FIP211(DMBAP,H2O)),	  
containing	   varying	   FM88/Ga3+/template	   molar	   ratios,	   was	   prepared.	   	   Template	  
removal	   (quantitated	   by	   31P	   NMR	   spectroscopy)	   was	   estimated	   at	   94-­‐97%,	   and	  
binding	  site	  densities	  calculated.	  
	  
A	  series	  of	  small	  molecule	  binding	  assays	  was	  carried	  out,	  using	  the	  three	  FIPs	  and	  
their	  non-­‐imprinted	  equivalents.	   	  These	   included:	  a	  competitive	  assay	  between	  the	  
original	   template	   molecule	   (inosinic	   acid)	   and	   the	   non-­‐phosphorylated	   equivalent	  
(inosine)	   in	   pH	   4.0	   NaOAc	   buffer;	   competitive	   assays	   between	   an	   array	   of	  
phosphorylated	   and	   non-­‐phosphorylated	   derivatives	   of	   Fmoc-­‐serine,	   in	   1:1	   v/v	  
MeCN:aqueous	  buffer,	  where	   the	  aqueous	  buffer	  was	  either	  NaOAc	   [pH	  3.0	  or	  pH	  
4.0]	  or	  0.1%	  TFA	   [pH	  2.2];	   and	  a	   competitive	  assay	  between	  a	  derivative	  of	   Fmoc-­‐
phosphoserine	  and	   four	  analogues	  of	   this,	  which	   contained	  either	  a	   carboxylate,	   a	  
phosphonate,	  a	  sulfate	  or	  a	  sulfonate	  functional	  group,	  in	  1:1	  v/v	  MeCN:NaOAc	  [pH	  
3.0].	  	  The	  following	  conclusions	  were	  drawn:	  	  
	  
• All	   FIPs	   screened	   re-­‐bind	   the	   original	   template	   molecule	   (inosinic	   acid),	  
thereby	  behaving	  at	  least	  as	  conventional	  MIPs.	  
• All	   FIPs	   screened	   also	   bind	   phosphorylated	   species	   other	   than	   the	   original	  
template,	   therefore	   providing	   initial	   evidence	   that	   they	   exhibit	   the	   level	   of	  
substrate	  promiscuity	  required	  of	  the	  functional	  group	  imprinting	  concept.	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• Bound	   species	   are	   released	   intact	   at	   the	   end,	   using	   mild	   conditions,	   as	   is	  
required.	  
• All	   polymers	   screened	   (FIPs	   and	   NIPs)	   are	   generally	   phosphoselective,	  
preferentially	   binding	   the	   phosphorylated	   analyte(s)	   over	   the	   other	   species	  
present	  in	  solution.	  	  However,	  the	  FIPs	  are	  more	  phosphoselective	  than	  their	  
NIPs	  -­‐	  this	  is	  therefore	  excellent	  evidence	  that	  the	  FIPs	  have	  been	  imprinted	  
with	   the	   phosphate	  monoester	   functional	   group,	   indicating	   that	   the	   act	   of	  
imprinting	  has	  afforded	  additional	  phosphoselectivity	  over	   that	  attributable	  
to	  the	  Ga-­‐functionalised	  monomers	  themselves.	  	  	  
• A	  measure	   of	   the	   degree	   of	   phosphoselective	   behaviour	   generated	   by	   the	  
functional	  group	  imprinting	  step	  was	  quantitated	  using	  the	  Imprinting	  Effect	  
(IE)	  term.	  	  FIP111(DMBAP,NaOAc)	  consistently	  exhibited	  the	  highest	  IE	  value	  
for	   phosphorylated	   analytes,	   and	   from	   this	   it	   was	   concluded	   that	   a	   1:1:1	  
molar	   ratio	   of	   ITU-­‐FM:Ga(III):template	   is	   optimal	   for	   the	   synthesis	   of	   a	  
phosphoselective	  recognition	  site.	  
• Where	   the	   only	   difference	   between	   assays	   was	   the	   nature	   of	   the	   binding	  
solvent,	  assays	   run	  at	  pH	  3.0	   (in	  1:1	  v/v	  MeCN:NaOAc)	   resulted	   in	  both	   the	  
greatest	   phosphoselective	   behaviour	   and	   the	   greatest	   overall	   uptake	   of	  
phosphorylated	   species.	   	   This	   binding	   solvent	   was	   therefore	   proposed	   as	  
optimal	  for	  phosphate	  monoester	  enrichment	  applications.	  
• Initial	   results	   indicate	   that	   analytes	   containing	  multiple	   oxyanionic	   residues	  
were	   generally	   preferentially	   bound	   over	   those	   containing	   just	   one	  
oxyanionic	   functional	   group.	   	   This	   is	   undesirable	   as	   it	   suggests	   that	  
preferential	   uptake	   of	   the	   former	   analytes	   may	   override	   phosphoselective	  
binding.	  	  Further	  experiments	  should	  be	  carried	  out	  to	  investigate	  this.	  
• The	   crosslinker	   DMBAP,	   never	   previously	   used	   in	   molecular	   imprinting	  
technology,	   was	   confirmed	   to	   be	   an	   excellent	   crosslinker	   for	  
water-­‐compatible	   [functional	   group	   or	   molecular]	   imprinting	   applications,	  
superior	  to	  currently	  used	  crosslinkers.	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Finally,	   polymers	   FIP111(DMBAP,NaOAc),	   FIP211(DMBAP,NaOAc)	   and	  
FIP211(DMBAP,H2O)	  were	  applied	  to	  simple	  peptide	  assays.	   	  However,	  preliminary	  
results	   indicated	   that	   further	  development	  of	   the	  FIPs	  and/or	  binding	  conditions	   is	  
required,	  since	  preferential	  binding	  of	  multiply-­‐carboxylated	  peptides	  was	  observed	  
over	  that	  of	  phosphorylated	  species.	  
 
Suggested Future Work 
 
The	   objectives	   of	   this	   project	   have	   been	   two-­‐fold:	   first,	   to	   provide	   a	   superior	  
alternative	   to	  existing	  phosphopeptide	  enrichment	   technologies	  and	   second,	  as	  an	  
extension	   of	   this,	   to	   demonstrate	   the	   validity	   of	   the	   proposed	   Functional	   Group	  
Imprinting	  concept.	  
	  
In	   terms	   of	   solving	   the	   phosphopeptide	   enrichment	   problem,	   we	   propose	   the	  
following	  future	  work:	  
• Firstly,	  to	  provide	  a	  very	  direct	  (preferably	  quantitative)	  comparison	  between	  
the	  phosphopeptide	  enrichment	  performance	  of	  our	  second-­‐generation	  FIPs	  
and	  existing	  Ga/IDA-­‐based	   IMAC.	   	  This	  will	  enable	  one	  to	  properly	  establish	  
whether	  the	  act	  of	  imprinting	  has	  provided	  significant	  improvement	  over	  the	  
existing	  phosphopeptide	  enrichment	  technology.	  
• To	   investigate	   whether	   changing	   the	   percentage	   loading	   (ratio	   peptides	   to	  
polymer	  used)	  improves	  the	  phosphopeptide	  enrichment	  performance	  of	  the	  
second-­‐generation	  FIPs.	  	  	  
	  
In	   order	   to	   further	   demonstrate	   the	   validity	   of	   the	   proposed	   Functional	   Group	  
Imprinting	  concept,	  the	  following	  future	  work	  is	  proposed:	  
• To	   measure,	   in	   addition	   to	   the	   IE	   values	   established	   already	   for	   the	  
second-­‐generation	   FIPs,	   association	   constants	   for	   various	   phosphorylated	  
species	   and	   also	   for	   various	   carboxylated/sulfated	   etc	   species.	   	   This	   will	  
provide	  a	  direct	  indicator	  of	  the	  functional	  group	  preference	  of	  the	  polymers.	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• In	  order	  to	  provide	  more	  abstract	  evidence	  in	  favour	  of	  the	  Functional	  Group	  
Imprinting	   concept,	   outside	   of	   the	   specific	   objectives	   of	   this	   project,	   we	  
would	   be	   very	   interested	   in	   preparing	   a	   series	   of	   FIPs	   that	   are	   otherwise	  
identical	  in	  composition	  but	  whose	  template	  molecule	  differed	  in	  the	  nature	  
of	  the	  pendant	  functional	  group.	  	  	  Thus,	  one	  could	  imagine	  having	  a	  series	  of	  
polymers	   prepared	   using	   the	   recipe	   established	   for	  FIP111(DMBAP,NaOAc)	  
(for	   example),	   but	   where	   the	   template	   was	   either	   a	  
carboxylated/phosphonylated/sulfated/sulfonated	  analogue	  of	   inosinic	   acid.	  	  
Subsequent	   binding	   assays	   using	   an	   array	   of	   analytes	   bearing	   these	   five	  
functional	   groups	   would	   show	   whether	   each	   FIP	   preferentially	   binds	   the	  
functional	  group	  that	  it	  was	  imprinted	  with.	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9.1 Reagents and Apparatus 
	  
nless	   indicated	   otherwise,	   all	   reactions	   requiring	   anhydrous	   conditions	   were	  
performed	  using	  oven-­‐dried	  glassware	  and	  conducted	   in	  a	  nitrogen	  (99.998%)	  
atmosphere.	  
	  
Reagents:	   The	   following	   reagents	   were	   purchased	   from	   Aldrich	   Chemical	  
Company	   (Poole,	   UK)	   and,	   unless	   otherwise	   indicated,	   used	   without	   purification:	  	  
1-­‐adamantanol	   (99%);	   2-­‐aminoethyl	   dihydrogen	   phosphate	   (98%);	   2 ‑
aminoethylhydrogen	   sulfate	   (≥	  98.0%);	   2-­‐aminoethylphosphonic	   acid	   (99%);	   o-­‐
anisidine;	  4,4'-­‐azobis(4-­‐cyanovaleric	  acid)	  (>	  75%:	  recrystallised	  from	  MeOH	  prior	  to	  
use);	  
3,3'-bis[N,N-bis(carboxymethyl)aminomethyl]-­‐o-­‐cresolsulfonephthalein	  tetrasodiu
m	  salt;	   3-­‐hydroxypropionitrile	   (97%);	   acetic	   acid-­‐d4	   ("100%",	   99.96	   atom%D);	  
acetonitrile	   (anhydrous,	  99.8%);	  acrylic	  acid	   (>	  99.0%	   (GC,	  anhydrous));	  ammonium	  
hydroxide	   solution	   (28-­‐30%);	   ammonium	   phosphate	   monobasic	   solution,	   2.5M	  
(BioUltra);	   aniline	   (>	  99%);	   azobisisobutyronitrile	   (≥	  98%)	   [recrystallised	   from	  
hexanes	   prior	   to	   use];	   (±)-­‐2,2'-­‐bis(diphenylphosphino)-­‐1,1'-­‐binaphthalene	   ≥	  98%;	  
bromine	   (reagent	   grade);	  bromoacetic	   acid	   (≥	  98%);	   chloroform	   (anhydrous,	   >	  99%	  
contains	  amylenes	  as	  stabilizer);	  chlorotrimethylsilane	  (	  97%);	  diethyliminodiacetate	  
(	  98%);	   N,N'-­‐diisopropylethylamine	   (anhydrous,	   99.5%);	   N,N'-­‐dimethylformamide	  
(anhydrous,	  99.8%);	  ethylbromoacetate	  (98%);	  ethylene	  glycol	  dimethacrylate	  (98%);	  
ethylene	   glycol	   dimethacrylate	   (98%);	   eugenol	   (≥ 	  98%);	   Fmoc	   chloride	   (≥ 	  98.0%	  
(HPLC));	   Ga(III)Cl3	   (anhydrous,	   beads,	   ≥ 	  99.999%	   trace	   metals	   basis);	  
β -­‐glycerophosphate	   disodium	   salt	   hydrate	   ( ≤ 	  0.20%	   L-­‐α -­‐isomer);	   glycerol	  
phosphate	   disodium	   salt	   hydrate	   (50%	   β-­‐isomer	   and	   50%	   rac-­‐α-­‐isomer);	   inosine	  
(>	  99%);	   methylisocyanate;	   N-­‐methylpyrrolidinone	   ≥	  99%;	  
U	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methyltriphenylphosphonium	   bromide	   (98%);	   1-­‐naphthalene	   acetic	   acid	   (97%);	   1-­‐
naphthyl	   phosphate	   (97%);	   ninhydrin	   (97%);	   palladium	   (II)	   acetate	   (99.98%	   trace	  
metals	   basis);	   o-­‐phenylene	   phosphorochloridate	   (technical	   grade);	  
phenylisothiocyanate	   (98%);	   phosphoric	   acid	   (≥	  85	   wt.%	   in	   H2O,	   ≥	  99.999%	   trace	  
metals	   basis);	   phosphorous	   oxychloride	   (99%);	   phosphorous	   trichloride	   (98%);	  
potassium	   permanganate	   (97%);	   potassium	   phosphate	   tribasic	   ≥	  98%;	   potassium	  
tert-butoxide	   (≥	  97.0%);	   pyridinium	   bromide	   perbromide	   (90%);	   sodium	   (stored	  
under	   mineral	   oil);	   sodium	   deuteroxide	   (40	  wt.%	   in	   D2O,	   99	   atom%	   D);	   sodium	  
hydride	   (60%	   dispersion	   in	   mineral	   oil);	   sodium	   hydroxide	   (97%);	   sodium	  
pyrophosphate	   tetrabasic	   decahydrate	   (≥	  99%);	   sodium	   tert-­‐butoxide	   (97%);	  
synthetic	   taurine	   (≥	  99.0%);	   tetrabutylphosphonium	   hydroxide	   solution	   (purum,	  
∼40%	   in	   H2O);	   1,1,3,3-­‐tetramethylguanidine	   (99%);	   triethylphosphite	   (98%);	  
trifluoroacetic	   acid	   (Spectrophotometric	   grade,	   99+%);	   trifluoromethanesulfonic	  
anhydride	  (≥	  99%);	  4-­‐vinylaniline	  (97%);	  4-­‐vinylbenzyl	  chloride	  (90%);	  α-­‐casein	  from	  
bovine	  milk	  (≥70%	  αs-­‐casein	  basis	  (electrophoresis).	  
	  
Unless	   otherwise	   stated	  matrix	   compounds,	   peptides	   and	   protein	   standards	   were	  
purchased	  from	  Sigma–Aldrich	  (Poole,	  UK)	  
	  
The	  following	  peptides	  were	  purchased	  from	  Anaspec	  Inc.	  (California,	  USA)	  and	  were	  
used	  without	  purification:	  FQpSEEQQQTEDELQDK	  (bovine	  ß-­‐casein,	  ≥	  95%	  by	  HPLC);	  
DLDVPIPGRFDRRVpSVAAE	   (PKA	   Regulatory	   Subunit	   II	   Substrate,	   ≥	   95%	   by	   HPLC);	  
KRPpSQRHGSKY-­‐NH2;	   (UOM9,	   Phosphorylated	   PKC	   Substrate-­‐3,	   ≥	   95%	   by	   HPLC);	  
SFVLNPTNIGMpSKSSQGHVTK	   (DAM1	   [221-­‐241]	   peptide,	   ≥	   95%	   by	   HPLC);	  
TRDIYETDpYYRK	   (kinase	   domain	   of	   insulin	   receptor,	   ≥	   95%	   by	   HPLC);	  
TRDIPYETDpYpYRK	  (kinase	  domain	  of	  insulin	  receptor,	  ≥	  95%	  by	  HPLC).	  
	  
The	   following	   reagents	   were	   purchased	   from	   Acros	   (Thermo	   Fisher	   Scientific,	  
Loughborough,	   UK)	   and,	   unless	   otherwise	   indicated,	   used	   without	   purification:	  
1-­‐adamantane	   acetic	   acid	   (98%);	   cesium	   carbonate	   99.5%;	   inosine	   5'-­‐
monophosphate	  disodium	  salt	  hydrate	  (97%);	  1,8-­‐bis(methylamino)-­‐3,6-­‐dioxaoctane	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(98%);	  potassium	  iodide;	  tetrabutylammonium	  hydroxide	  (40	  wt.%	  solution	  in	  H2O);	  
vanillin	  (99%).	  
	  
The	  following	  reagents	  were	  purchased	  from	  Alfa	  Aesar	  (Lancashire,	  UK)	  and,	  unless	  
otherwise	   indicated,	   used	   without	   purification:	   acryloyl	   chloride	   (96%,	   stab.	   with	  
400	  ppm	   phenothiazine);	   N,N'-­‐dimethyl-­‐1,3-­‐propanediamine	   (97%);	   triethylamine	  
(99%).	  
	  
The	  following	  reagents	  were	  purchased	  from	  VWR	  (BDH-­‐brand,	  VWR,	  Leics.,	  UK)	  and,	  
unless	   otherwise	   indicated,	   used	  without	   purification:	   acetic	   acid	   (∼100%);	   barium	  
hydroxide;	   hydrochloric	   acid	   (35%	   in	   water);	   di-­‐phosphorus	   pentoxide	   (>	  97%);	  
potassium	   carbonate	   (>	  99.5%);	   pyridine	   (98%;	   distilled	   over	   CaH2	   prior	   to	   use);	  
sodium	   chloride	   (99.5%);	   sodium	   hydroxide	   (>	  99%);	   sodium	   sulphate	   (>	  99%);	  
sodium	  thiosulfate	  (99%);	  sulfuric	  acid	  (98%).	  
	  
The	  following	  reagents	  were	  purchased	  from	  Strem	  Chemicals	  UK	  (Royston,	  UK)	  and,	  
unless	   otherwise	   indicated,	   used	   without	   further	   purification:	  
Tris(dibenzylideneacetone)dipalladium	  (0);	   2-­‐(di-­‐tert-­‐butylphosphino)biphenyl	  
(99%);	  2-­‐(dicyclohexylphosphino)biphenyl	  (98%).	  
	  
Poly(ethylene	  glycol)	   diacrylate	  ADE	  400	   (500	  ppm	  MEHQ	   inhibitor)	  was	  purchased	  
from	  Polysciences	  Inc.	  (Eppelheim,	  Germany)	  and	  used	  without	  purification.	  
	  
Silica	  gel	  for	  column	  chromatography	  (40-­‐60	  µm)	  was	  purchased	  from	  Merck	  KGaA	  
(Germany).	  
	  
Modified	  porcine	  trypsin	  was	  purchased	  from	  Promega	  (Madison,	  WI).	  
	  
Solvents:	   All	   solvents	   used	   for	   synthesis	   were,	   unless	   otherwise	   specified,	  
obtained	   from	  VWR	   (BDH-­‐brand,	  VWR,	   Leics.,	  UK)	   and,	  unless	  otherwise	   specified,	  
used	   without	   purification.	   	   Water	   described	   as	   'distilled'	   refers	   to	   glass-­‐distilled	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water	   taken	   from	   a	   Bibby	   Sterlin	   Merit	   W4000	   water	   still	   unit	   (Bibby	   Sterlin/	  
Barloworld	  Scientific,	  Staffordshire,	  UK).	  
	  
HPLC-­‐grade	  solvents	  used	   in	  proteomics/	  MALDI	  applications	  were	  purchased	  from	  
Rathburn	  Chemicals	  Ltd	  (Walkerburn,	  UK)	  and	  used	  without	  purification.	  
Where	   the	   solvents	   are	   described	   as	   ‘anhydrous’,	   they	   were	   dried	   in	   accordance	  
with	   known	   protocols	   [324,	   325].	   	   Specifically,	   pyridine	   was	   refluxed	   over,	   and	  
distilled	  from,	  CaH2.	  	  	  The	  following	  solvents	  were	  dried	  over	  alumina	  and	  degassed	  
with	   N2,	   using	   automated	   drying	   towers:	   acetonitrile;	   dichloromethane;	   diethyl	  
ether;	   methanol;	   tetrahydrofuran;	   toluene.	   	   Toluene	   was	   dried	   over	   alumina,	  
deoxygenated	   over	   a	   copper	   catalyst	   and	   degassed	   with	   N2,	   using	   an	   automated	  
drying	  tower.	  	  Finally,	  the	  following	  anhydrous	  solvents	  were	  purchased	  from	  Aldrich	  
Chemical	  Company	  (Poole,	  UK)	  and	  used	  as	  supplied:	  chloroform	  (anhydrous,	  ≥	  99%,	  
contains	  amylenes	  as	  stablisers);	  N,N'-­‐dimethylacetamide	  (anhydrous,	  99.8%);	  N,N'-­‐
dimethylformamide	   (anhydrous,	   99.5%);	   N,N'-­‐diisopropylethylamine	   (anhydrous,	  
99.8%).	  
	  
NMR:	   1H	   NMR	   spectra	   were	   recorded	   on	   either	   a	   Bruker	   DRX	   400	   (400	   MHz),	  
Bruker	  Avance	  500	  (500	  MHz)	  or	  a	  Jeol	  GSX	  (270	  MHz)	  spectrometer.	  	  The	  reference	  
peaks	  used	  were:	  CHCl3	   (δH	  =	  7.26	  ppm);	  H2O	   (δH	  =	  4.79	  ppm);	  DMSO	   (δH	  =	  2.50	  
ppm)	  unless	  otherwise	  indicated	  [326].	  	  13C	  NMR	  spectra	  were	  recorded	  on	  either	  a	  
Bruker	  DRX	  400	   (400	  MHz)	   or	   a	   Bruker	  Avance	  500	   (500	  MHz)	   spectrometer.	   	   The	  
reference	   peaks	   (internal	   reference)	   were:	   CHCl3	   (δC	   =	   77.16	   ppm);	   DMSO	   (δC	   =	  
39.52	  ppm)	  [326].	  	  31P	  NMR	  spectra	  were	  recorded	  on	  either	  a	  Bruker	  DRX	  400	  (400	  
MHz)	  or	  a	  Bruker	  Avance	  500	  (500	  MHz)	  spectrometer.	   	  The	  reference	  peaks	  were:	  
H3PO4	   (δP	   =	   0.00	   ppm)	   or	   ∼40	  wt%	   tetrabutylphosphonium	   hydroxide	   (δP	   =	  
34.34	  ppm	   and	   38.13	  ppm),	   added	   as	   internal	   standard.	   	   19F	   NMR	   spectra	   were	  
recorded	  on	  a	  Bruker	  DRX	  400	  (400	  MHz)	  spectrometer.	  	  19F	  spectra	  were	  referenced	  
externally	  using	  C6H5F=-­‐113.5ppm	  (with	  respect	  to	  CFCl3	  =	  0	  ppm).	  	  71Ga	  NMR	  spectra	  
were	  recorded	  on	  a	  Bruker	  Avance	  500	  (500	  MHz)	  spectrometer.	  	  71Ga	  spectra	  were	  
referenced	  externally	  using	  Ga(NO3)3	  in	  D2O	  =	  0	  ppm.	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All	  2D	  experiments	  were	  recorded	  on	  a	  Bruker	  Avance	  500	  (500	  MHz).	  	  NMR	  spectra	  
were	  processed	  using	  MestRe-­‐C	   software	   (version	  4.8.1.1).	   	   CDCl3	   (99.8	   atom%	  D),	  
D2O	  (99.8	  atom%	  D)	  and	  DMSO-­‐d6	  (99.8	  atom%	  D)	  were	  purchased	  from	  Merck	  and	  
used	  as	  received;	  benzene-­‐d6	  (99.6	  atom%	  D)	  was	  purchased	  from	  Sigma-­‐Aldrich	  and	  
used	   as	   received;	   MeOD-­‐d3	   (99.8	   atom%	   D),	   EtOD-­‐d5	   (99.8	   atom%	   D),	   sodium	  
deuteroxide	   (40%	   in	   D2O,	   >	   99.5	   Atom	   %	   D)	   and	   DMF-­‐d7	   (99.5	  atom%	  D)	   were	  
purchased	   from	   Apollo	   Scientific	   Ltd.	   (Stockport,	   UK)	   and	   used	   as	   received;	  
acetone-­‐d6	   (99.9	  atom%	  D)	   and	   1,2-­‐dichlorobenzene-­‐d4	   (99	  atom%	  D)	   were	  
purchased	   from	   Cambridge	   Isotope	   Laboratories,	   Inc.	   (MA,	   USA)	   and	   used	   as	  
received.	  
	  
31P	  NMR	  analysis	  for	  experiments	  in	  Section	  9.5.3	  were	  run	  with	  a	  pulse	  interval	  of	  
15	  seconds	  to	  eliminate	  relaxation	  effects.	  
	  
With	   the	   exception	   of	   the	   Avance	   500,	   in	  which	   samples	   are	   automatically	   run	   at	  
289	  K	  unless	  otherwise	  stated,	  all	  NMR	  experiments	  were	  run	  at	  RT	  (approx.	  293	  K)	  
unless	  otherwise	  stated.	  	  	  
	  
IR:	  Infrared	  spectra	  were	  recorded	  on	  either	  of	  the	  following	  instruments:	  
• Mattson	   Satellite	   FTIR	   spectrometer	   using	   KBr	   plates,	   and	   edited	   using	  
WinFIRST	  Lite	  software;	  
• Diamond/ZnSe	  Perkin-­‐Elmer	  Spectrum	  100	  FTIR	  spectrometer.	  
	  
HPLC:	   HPLC	   analysis	   was	   performed	   using	   a	   Laserchrom	   2810	   gradient	   pump	  
(Laserchrom,	  Rochester,	  UK)	  equipped	  with	  degasser,	   column	  oven,	   Sapphire	  2800	  
UV	   detector	   and	   connected	   to	   an	   ISS-­‐100	   autosampler	   (Perkin-­‐Elmer,	   Cambridge,	  
UK).	   	   Chromatograms	  were	   acquired	   and	   processed	   using	   Clarity™	   Lite	   (DataApex,	  
Prague,	  Czech	  Republic).	  	  Integration	  (peak	  height)	  thresholds	  were	  set	  to	  0.05	  mV.	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HPLC	  set-­‐up	  A:	  
• Detector	  wavelength:	  280	  nm	  
• Column:	   Synergi	   4U	   max	   C12	   reversed-­‐phase	   column	   (Phenomenex,	  
Cheshire,	  UK)	  
• Column	  oven	  temperature:	  35˚C	  
• Flow	  rate:	  1	  mL/	  min	  
• Injection:	  manual	  injection	  (rheodyne),	  20	  µL	  injection	  loop	  
• Mobile	   phase	   (HPLC-­‐grade	   solvents):	  H2O	   containing	   TFA;	  MeCN	   containing	  
TFA	  
• Elution	  gradient:	  
	  
HPLC	  set-­‐up	  B:	  
• Detector	  wavelength:	  254	  nm	  
• Column:	   Synergi	   4U	   max	   C12	   reversed-­‐phase	   column	   (Phenomenex,	  
Cheshire,	  UK)	  
• Column	  oven	  temperature:	  35˚C	  
• Flow	  rate:	  1	  mL/	  min	  
• Injection:	  manual	  injection	  (rheodyne),	  20	  µL	  injection	  loop	  
• Mobile	   phase	   (HPLC-­‐grade	   solvents):	  H2O	   containing	   TFA;	  MeCN	   containing	  
TFA	  	  
• Elution	  gradient:	  
	  
time	  (min)	   0.1%	  v/v	  TFA	  in	  MeCN	   0.1%	  v/v	  TFA	  in	  H2O	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HPLC	  set-­‐up	  C:	  
• Detector	  wavelength:	  254	  nm	  
• Column:	  Shodex®	  ODP2-­‐HP-­‐4D	  (Showa	  Denko	  K.K.,	  Tokyo,	  Japan)	  
• Column	  oven	  temperature:	  60˚C	  
• Flow	  rate:	  0.5	  mL/	  min	  
• Injection:	   autosampler	   (injection	   volume:	   20	  µL;	   time	   between	   injections:	  
70	  min;	  vials:	  Chromacol®	  (Chromacol®	  Ltd,	  Herts,	  UK)	  2SV	  fitted	  with	  02NV	  
inserts,	  8SC	  lids	  and	  8-­‐T02	  PTFE	  septa)	  
• Mobile	  phase	  (HPLC-­‐grade	  solvents):	  H2O	  containing	  H3PO4;	  MeOH	  
• Elution	  gradient:	  
	  
HPLC	  set-­‐up	  D:	  
• Detector	  wavelength:	  254	  nm	  
• Column:	  Shodex®	  ODP2-­‐HP-­‐4D	  (Showa	  Denko	  K.K.,	  Tokyo,	  Japan)	  
• Column	  oven	  temperature:	  60˚C	  
• Flow	  rate:	  0.5	  mL/	  min	  
• Injection:	   autosampler	   (injection	   volume:	   20	  µL;	   time	   between	   injections:	  
145	  min;	   vials:	   Chromacol®	   (Chromacol®	   Ltd,	   Herts,	   UK)	   2SV	   fitted	   with	  
02NV	  inserts,	  8SC	  lids	  and	  8-­‐T02	  PTFE	  septa)	  
• Mobile	   phase	   (HPLC-­‐grade	   solvents):	  H2O	   containing	   TFA;	  MeCN	   containing	  
TFA	  
• Elution	  gradient:	  
time	  (min)	   0.85%	  H3PO4	  in	  H2O	   MeOH	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HPLC	  set-­‐up	  E:	  
• Detector	  wavelength:	  254	  nm	  
• Column:	  Shodex®	  ODP2-­‐HP-­‐4D	  (Showa	  Denko	  K.K.,	  Tokyo,	  Japan)	  
• Column	  oven	  temperature:	  60˚C	  
• Flow	  rate:	  0.5	  mL/	  min	  
• Injection:	   autosampler	   (injection	   volume:	   20	  µL;	   time	   between	   injections:	  
33	  min;	  vials:	  Chromacol®	  (Chromacol®	  Ltd,	  Herts,	  UK)	  2SV	  fitted	  with	  02NV	  
inserts,	  8SC	  lids	  and	  8-­‐T02	  PTFE	  septa)	  
• Mobile	  phase	  (HPLC-­‐grade	  solvents):	  H2O	  containing	  H3PO4;	  MeOH	  
• Elution	  gradient:	  
	  
Mass	   Spectrometry:	  Mass	  spectra	  of	  synthesised	  compounds	  were	  recorded	  
by	   the	   Imperial	  College	  mass	   spectrometry	   service	  using	  either	  ESI-­‐MS	   (Micromass	  
LCT	  Premier	  (Waters	  Herts,	  UK)),	  CI-­‐MS	  with	  ammonium	  ions	  (Micromass	  Autospec	  
Premier	   (Waters	   Herts,	   UK))or	   LSI-­‐MS	   with	   3-­‐nitrobenzyl	   alcohol	   (Micromass	   LCT	  
Premier	  (Waters	  Herts,	  UK)).	  
	  
MALDI-­‐TOF	   MS	   (Chapter	   7)	   was	   carried	   out	   using	   an	   Ultraflex™	   MALDI-­‐TOF	  
instrument	  and	  an	  Anchorchip™	   target	   (Bruker	  Daltonics,	  UK).	   	  Mass	   spectra	  were	  
analysed	  using	  flexAnalysis	  software	  (Bruker	  Daltonics,	  UK).	  	  Matrices	  were	  prepared	  
as	  follows:	  for	  "Regular	  DHB",	  DHB	  (10	  mg)	  was	  dissolved	  in	  1:2	  v/v	  MeCN	  :	  0.1%	  TFA	  
(aq)	  (1.0	  mL);	  for	  "PA-­‐DHB",	  DHB	  (10	  mg)	  was	  dissolved	  in	  1:1	  v/v	  MeCN	  :	  1%	  H3PO4	  
(aq)	  (1.00	  mL).	  
	  
time	  (min)	   0.85%	  H3PO4	  in	  H2O	   MeOH	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TLC:	   Pre-­‐coated	   silica	   gel	   F254/366	   Kieselgel	   60	  Å	   plates	   (Merck	   Chemical	   Ltd,	  
Nottingham,	   UK)	   were	   used,	   and	   visualised	   using	   either	   UV	   light	   (254	  nm	   unless	  
otherwise	  stated)	  or	  one	  of	  the	  following	  preparations:	  
	  
	   Stain	   A:	   KMnO4	   (4.00	  g),	   K2CO3	   (20.00	  g),	   5%	   NaOH	   solution	   (5	  mL),	   water	  
(300	  mL)	  
	   Stain	  B:	  ninhydrin	  (20.00	  g),	  ethanol	  (600	  mL)	  
	   Stain	  C:	  vanillin	  (15.00	  g),	  ethanol	  (250	  mL),	  95%	  H2SO4	  (2.5	  mL)	  
	  
Freeze	   Dryer:	   Lyophilisation	  was	   carried	   out	   in	   a	   Christ	   (Martin	   Christ	   GmbH,	  
Osterode	  am	  Harz,	  Germany)	  Alpha	  1-­‐2	  LD	  apparatus.	  
	  
Polymerisations:	  Polymer	  synthesis	  was	  carried	  out	  in	  Duran®	  soda	  glass	  vials	  
(16	  mm	  ×	   100	  mm),	   which	  were	   purchased	   from	   Fisher	   Scientific	   (Loughborough,	  
UK).	   	   Rubber	   Suba-­‐Seals®	  were	  purchased	   from	  Aldrich	  Chemical	   Company	   (Poole,	  
UK).	  
	  
Rocker:	  Where	  polymers	  (for	  example,	  in	  binding	  assays)	  were	  described	  as	  being	  
'rocked',	  this	  refers	  to	  a	  Stuart®	  (Bibby	  Scientific	  Ltd,	  Staffs,	  UK)	  Mini	  See-­‐saw	  Rocker	  
SSM4,	  run	  at	  70	  rpm.	  
	  
pH	   Meter:	   pH	   values	   were	   determined	   using	   a	   Eutech	   Instruments	   (Thermo	  
Fisher	  Scientific,	  Loughborough,	  UK)	  CyberScan	  pH11.	  	  Small-­‐scale	  pH	  analysis	  (such	  
as	  in	  an	  NMR	  tube)	  was	  carried	  out	  using	  a	  Sentek	  (Essex,	  UK)	  p16-­‐NMR	  probe.	  
	  
Sonicator:	   Ultrasonication	   was	   carried	   out	   using	   a	   USC600T	   sonicator	   (VWR,	  
Leics.,	  UK).	  
	  
Chapter	  9:	  Experimental	  
Sally	  L.	  Ewen-­‐Al-­‐Kashi	  	  	  	  	  	  	  PhD	  Thesis	  
	  
288	  
Melting	   Points:	  Melting	  points	  were	  determined	  using	  a	  Hot	  Stage	  apparatus	  
(Sanyo	  Gallenkamp,	  Loughborough,	  UK)	  and	  are	  uncorrected.	  
	  
Elemental	  Analysis:	  Elemental	  analysis	  was	  carried	  out	  by	  Mr.	  Stephen	  Boyer	  
at	  the	  London	  Metropolitan	  University.	  
	  
Microwave	  Synthesis:	  Microwave	  synthesis	  was	  carried	  out	  using	  a	  Biotage	  
Initiator.	  
	  
Flattened	   GELoader® 	   Pipette	   Tip:	   GELoader®	   pipette	   tips	   (capillary	  
diameter	  <0.3	  mm)	  were	  purchased	  from	  Eppendorf	  (Hamburg,	  Germany),	  and	  were	  
flattened	   prior	   to	   use	   using	   the	   sterile	   handle	   of	   a	   disposable	   scalpel	   (in	   order	   to	  




Use	  of	  Xylenol	  Orange	  indicator	  to	  test	  for	  presence	  of	  Ga(III):	  	  
3,3'-­‐Bis[N,N-­‐bis(carboxymethyl)aminomethyl]-­‐o-­‐cresolsulfonephthalein	  tetrasodium	  
salt	   (0.003	   g,	   0.004	  mmol)	   was	   dissolved	   in	   50	  mM	   potassium	   acetate	   [pH	  5.82]	  
(250	  mL)	   to	  afford	  a	  pale	  orange	   clear	   solution	   [295].	   	  Upon	  mixing	  with	  a	   sample	  
containing	  Ga(III)	  and	  allowing	  to	  stand	  at	  RT	  for	  15	  min,	  a	  colour	  change	  orange	  to	  
pink	  is	  observed.	  
	  
9.3 Buffer Solutions	  
	  
Unless	  otherwise	  stated,	  buffer	  solutions	  were	  prepared	  as	  follows:	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9.3.1	  	   500	  mM	  sodium	  acetate	  [pH	  4.0]	  
Glacial	   acetic	   acid	   (14.31	  mL)	   was	   mixed	   with	   HPLC-­‐grade	   water	   (450	  mL)	   and	  
titrated	  to	  pH	  4.0	  <pH	  meter>26	  using	  1	  M	  NaOH	  (aq).	   	  The	  volume	  was	  then	  made	  
up	  to	  500	  mL	  using	  HPLC-­‐grade	  water.	  
9.3.2	  	   100	  mM	  sodium	  acetate	  [pH	  4.0]	  
Glacial	  acetic	  acid	  (571	  µL)	  was	  mixed	  with	  HPLC-­‐grade	  water	  (90	  mL)	  and	  titrated	  to	  
pH	  4.0	  <pH	  meter>	  using	  1	  M	  NaOH	  (aq).	  	  The	  volume	  was	  then	  made	  up	  to	  100	  mL	  
using	  HPLC-­‐grade	  water. 
 
9.3.3	  	   100	  mM	  sodium	  acetate	  [pH	  3.0]	  
Glacial	   acetic	   acid	   (1.431	  mL)	   was	   mixed	   with	   HPLC-­‐grade	   water	   (225	  mL)	   and	  
titrated	  to	  pH	  3.0	  <pH	  meter>	  using	  1	  M	  NaOH	  (aq).	  	  The	  volume	  was	  then	  made	  up	  
to	  250	  mL	  using	  HPLC-­‐grade	  water. 
	  
9.3.4	  	   NH3	   (aq)	   [pH	   11.6]	   (used	   in	   Sections	   9.4.29	   to	  
9.4.34)	  	  
	  
Ammonia	   solution	   (20.0	   mL)	   was	   added	   to	   HPLC-­‐grade	   H2O	   (200	   mL)	   and	   the	  
solution	  stirred	  at	  RT.	  	  pH	  analysis	  confirmed	  pH	  11.6.	  
	  
9.3.5	  	   100	  mM	  sodium	  acetate-­‐d4	  [pH	  4.0/	  pD	  4.4]	  
100%	  acetic	  acid-­‐d4	   (656	  µL)	  was	  dissolved	   in	  D2O	  (22.0	  mL)	  and	  titrated	  to	  pH	  4.0	  
<pH	  meter>	  using	  sodium	  deuteroxide	  (40%	  in	  D2O).	  	  The	  volume	  was	  then	  made	  up	  
to	  25.0	  mL	  using	  D2O,	  to	  afford	  100	  mM	  sodium	  acetate-­‐d4.	  
	  
                                                
26	  Use	  of	  the	  term	  <pH	  meter>	  indicates	  that	  the	  solution	  pH	  was	  confirmed	  by	  a	  pH	  meter	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9.3.6	  	   25	   mM	   ammonium	   bicarbonate	   (used	   in	  
proteomics	  applications)	  
760.6	  mg	  ammonium	  bicarbonate	  was	  dissolved	  in	  10	  mL	  HPLC-­‐grade	  H2O	  to	  afford	  
a	  1M	  solution.	  	  250	  µL	  of	  this	  was	  added	  to	  9.75	  mL	  HPLC-­‐grade	  H2O	  to	  afford	  a	  25	  
mM	  solution.	  
 
9.4  Synthesis 
9.4.1	  	   Synthesis	  of	  1-­‐methyl-­‐3-­‐phenylthiourea	  (53)	  
	  
To	   a	   stirring	   solution	  of	  methylisocyanate	   (27.3	  mmol,	   2.00	  g)	   in	   anhydrous	  MeOH	  
(30	  mL)	  was	  added	  aniline	  (1.0	  eq,	  27.30	  mmol,	  2.490	  mL).	  	  The	  resulting	  red/	  brown	  
solution	   was	   heated	   at	   reflux	   for	   2h	   and	   the	   mixture	   was	   then	   concentrated	   in	  
vacuo,	  affording	  a	  pale	  red	  solid.	  	  To	  this	  was	  added	  distilled	  water	  (60	  mL),	  and	  the	  
vessel	  sonicated	  for	  5	  min.	   	  The	  precipitate	  was	  then	  isolated	  via	  vacuum	  filtration,	  
washed	  with	  distilled	  water	   (100	  mL),	  and	  dried	  under	  vacuum	  at	  40°C	   for	  12h.	   	  A	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1H	  NMR	  (CDCl3,	  270	  MHz):	  δH	  2.81-­‐3.12	  [d,	  3JHH	  =	  5.4	  Hz,	  3H,	  (HA)],	  6.10	  [s,	  1H,	  NH],	  
7.20-­‐7.41	  [m,	  5H,	  aromatic],	  8.35	  [s,	  1H,	  NH]	  ppm.	  	  
13C	   (CDCl3,	   400	  MHz):	   δC	   32.01	   [CA],	   125.34	   [aromatic],	   127.26	   [aromatic],	   130.12	  
[aromatic],	  136.08	  [aromatic],	  181.46	  [CB]	  ppm.	  
HR-­‐MS	  (CI,	  NH4+):	  Found	  167.065;	  Calculated	  (C8H10N2S.H+)	  167.246	  
IR	  (thin	  film):	  νmax	  	  =	  1200	  cm-­‐1	  (C=S	  stretch).	  
mp	  100˚C	  
TLC	  (UV,	  silica	  gel,	  hexane/	  EtOAc,	  v/v	  2:1):	  Rf	  0.24	  
9.4.2	  	   Synthesis	  of	  (4-­‐vinylbenzyl)-­‐1-­‐methyl-­‐3	  	   	  
	   	   phenylisothiouronium	  chloride	  (ITU-­‐FM)	  
	  
To	   a	   stirring	   solution	   of	   1-­‐methyl-­‐3-­‐phenyl-­‐2-­‐thiourea	   (3.01	  mmol,	   0.500	   g)	   in	  
anhydrous	   MeOH	   (5	  mL)	   was	   added	   4-­‐vinylbenzyl	   chloride	   (1.2	  eq,	   3.61	  mmol,	  
i)
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509	  µL)	  in	  MeOH	  (5	  mL).	  	  The	  resulting	  orange	  solution	  heated	  at	  reflux	  in	  a	  nitrogen	  
atmosphere	  for	  2h.	  	  The	  red/pink	  reaction	  mixture	  was	  concentrated	  in	  vacuo	  [water	  
bath	  >	  40˚C]	  to	  a	  dark	  purple	  oil.	  	  This	  was	  triturated	  with	  diethyl	  ether	  to	  afford	  an	  
off-­‐white	  solid,	  which	  was	  isolated	  via	  vacuum	  filtration,	  washed	  with	  diethyl	  ether	  





1H	  NMR	  (CDCl3,	  400	  MHz):	  δH	  	  =	  3.14	  [d,	  3JHH	  	  =	  	  4.4	  Hz,	  3H,	  CH3,	  (HF')],	  3.41	  [d,	  3JHH	  	  =	  
3.5	  Hz,	  3H,	  CH3	  (HF)],	  4.16	  [s,	  2H,	  CH2	  (HE')],	  4.60	  [s,	  2H,	  CH2	  (HE)],	  5.27-­‐5.29	  [d,	  3JHH	  	  =	  
10.9	  Hz,	  CH,	  (HB')],	  5.30-­‐5.33	  [d,	  3JHH	  	  =	  10.9	  Hz,	  CH,	  (HB)],	  5.75-­‐5.79	  [d,	  3JHH	  	  =	  17.6	  Hz,	  
CH,	  (HA')],	  5.72-­‐5.77	  [d,	  3JHH	  	  =	  17.6	  Hz,	  CH,	  (HA)],	  6.66-­‐6.73	  [dd,	  3JHH	  	  =	  10.8,	  17.6	  Hz,	  
CH,	  (HC')],	  6.64-­‐6.70	  [dd,	  3JHH	   	  =	  10.8,	  17.6	  Hz,	  CH,	  (HC)],	  7.17-­‐7.49	  [m,	  9H,	  aromatic	  
(HD',	  HD)	  and	  (Hi',	  Hi)],	  10.18	  [m,	  1H,	  (HG',	  HG)],	  11.40	  [s,	  1H,	  (HH)],	  12.19	  [s,	  1H,	  (HH')]	  
ppm.	  
13C	  NMR	  (CDCl3,	  500	  MHz):	  δC	  =	  33.10	  (CE),	  37.02	  (CD),	  114.72	  (CA),	  126.60	  (aromatic),	  
126.93	  (aromatic),	  128.42	  (aromatic),	  129.25	  (aromatic),	  129.57	  (aromatic),	  132.74	  
(aromatic),	  135.41	  (aromatic),	  135.96	  (aromatic),	  137.64	  (CB),	  166.89	  (CA)	  ppm.	  	  
HR-­‐MS	  (CI,	  NH4+):	  Found	  283.127;	  Calculated	  (C17H19N2S)	  283.418	  
Elemental	   analysis:	   Calculated	   (C17H19N2SCl)	   C	   72.05%,	  H	  6.76%,	  N	  9.88%;	   Found	  C	  
65.51%,	  H	  6.28%,	  N	  8.99%	  
IR	   (thin	   film):	   νmax	   	   =	   3300	   cm-­‐1	   (medium,	   N-­‐H	   stretch),	   2560	   cm-­‐1	   (broad,	   =N+−	  
stretch),	  1510	  cm-­‐1	  (aromatic).	  
mp	  135-­‐136°C	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TLC	  (UV,	  silica	  gel,	  hexane/	  EtOAc,	  1:1):	  Rf	  0.30	  
 
9.4.3	  	   Attempted	  synthesis	  of	  1-­‐adamantyl	  phosphoric	  
	   	   acid	  (ADPHOS)	  using	  o-­‐phenylene	  	   	   	  
	   	   phosphorochloridate	  (54)	  
	  
1-­‐Adamantanol	   (13.1	  mmol,	   2.00	  g)	   was	   taken	   up	   in	   anhydrous	   THF	   (30	  mL)	   In	   a	  
nitrogen	   atmosphere,	   and	   to	   this	   was	   portionwise	   added	   o-­‐phenylene	  
phosphorochloridate	  (1.0	  eq,	  13.1	  mmol,	  2.59	  g).	   	  The	  vessel	  was	  cooled	  to	  0˚C	  and	  
anhydrous	  Hünig's	  base	  (1.5	  eq,	  3.26	  mL)	  added,	  affording	  a	  cloudy	  yellow	  solution.	  	  
The	   reaction	   was	   heated	   at	   40˚C	   for	   1h.	   	   The	   precipitate	   was	   then	   isolated	   via	  
vacuum	   filtration,	   washed	   with	   THF	   (200	  mL)	   and	   to	   the	   filtrate	   was	   then	   added	  
further	   Hünig's	   base	   (1.0	  eq,	   2.17	  mL)	   and	   distilled	   water	   (150	  mL).	   	   After	   1h	   the	  
reaction	   was	   analysed	   by	   TLC	   (254	  nm,	   silica	   gel,	   hexanes/	   EtOAc,	   1:1),	   which	  
indicated	   the	   presence	   of	   a	   single,	   new	   UV-­‐active	   species	   (Rf	   0.71;	   o-­‐phenylene	  
phosphorochloridate	  reference:	  Rf	  0.53).	  	  The	  reaction	  was	  concentrated	  in	  vacuo	  to	  
afford	   a	   pale	   yellow	   viscous	  oil.	   	   This	  was	  dried	   in	   vacuo	  at	   40˚C	   for	   18h,	   and	   the	  
crude	  product	  (200	  mg)	  analysed	  by	  HR-­‐MS	  and	  IR	  spectroscopy.	  
	  
HR-­‐MS	  (CI,	  NH4+):	  Found	  324.136;	  Calculated	  (C16H20O5P.H+)	  324.317	  
IR	  (thin	  film):	  νmax	  =	  2985-­‐2852	  cm-­‐1,	  2647.6	  cm-­‐1	  (medium,	  (O=)PO-­‐H	  stretch),	  1737.8	  
cm-­‐1,	  1288-­‐1216	  cm-­‐1.	  
i), ii)
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To	  the	  oil	  was	  then	  added	  a	  2%	  solution	  of	  bromine	  water	  (prepared	  by	  adding	  1	  mL	  
bromine	   to	   50	  mL	   deionised	   water)	   and	   the	   reaction	   stirred	   at	   RT.	   	   After	   1h	   the	  
reaction	  mixture	   had	   changed	   from	   thick,	   pale	   orange	   suspension	   to	   a	   colourless	  
solution	  with	  red/	  brown	  residue	  adhering	  to	  the	  insides	  of	  the	  vessel.	  	  The	  reaction	  
was	   then	   concentrated	   in	   vacuo	   to	   approximately	   30	  mL	   and	   then	   washed	   with	  
diethyl	  ether	  (10	  ×	  50	  mL).	   	  The	  aqueous	  phase	  was	  then	  concentrated	   in	  vacuo	   to	  
afford	  a	  red/brown	  runny	  oil	  (weight	  not	  recorded).	  
1H	  NMR	  (DMSO-­‐d6,	  400	  MHz):	  δH	  	  =	  2.24-­‐2.28	  [m],	  3.72	  [s],	  4.34-­‐4.40	  [m],	  4.62-­‐4.67	  
[m],	  4.82-­‐4.87	  [m],	  4.35	  [m],	  9.99	  [br]	  ppm.	  
13C	  NMR	  (DMSO-­‐d6,	  101	  MHz):	  δC	  =	  12.25,	  16.70,	  17.99,	  18.50,	  41.86,	  46.31,	  48.92,	  
53.58,	  55.96	  ppm.	  
MS	  (CI,	  NH4+):	  Found	  256,	  282,	  299	  
9.4.4	  	   Attempted	  synthesis	  of	  1-­‐adamantyl	  phosphoric	  
	   	   acid	  (ADPHOS)	  
	  
1-­‐Adamantanol	  (3.28	  mmol,	  500	  mg)	  was	  added	  to	  phosphorous	  oxychloride	  (5	  mL)	  
In	  a	  nitrogen	  atmosphere.	   	  The	  reaction	  was	  stirred	  at	   reflux	   for	  24h.	   	  1	  mL	  of	   the	  
reaction	   mixture	   was	   then	   poured	   into	   crushed	   ice,	   and	   the	   resulting	   white	  
precipitate	  isolated	  via	  vacuum	  filtration	  and	  subjected	  to	  analysis.	  	  
	  	  
i)
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1H	   NMR	   (CDCl3,	   270	   MHz):	   δH	   =	   1.56-­‐1.70	   [m],	   2.12	   [b]	   ppm	   (corresponds	   to	  
1-­‐adamantanol).	  
13C	   NMR	   (CDCl3,	   270	  MHz):	   δC	   =	   30.67,	   36.05,	   45.30,	   68.18	   ppm	   (corresponds	   to	  
1-­‐adamantanol).	  
31P	  NMR	  (CDCl3,	  400	  MHz):	  δP	  =	  no	  signal	  
HR-­‐MS	  (CI,	  NH4+):	  Found	  152	  (corresponds	  to	  1-­‐adamantanol)	  	  
9.4.5	  	   Attempted	   synthesis	   of	   1-­‐adamantyl	   phosphoric	  
	   	   acid	  (ADPHOS)	  
	  
1-­‐Adamantanol	   (3.28	  mmol,	   0.500	   g)	   was	   taken	   up	   in	   anhydrous	   DCM	   (5	  mL)	   In	   a	  
nitrogen	   atmosphere,	   and	   Hünig's	   base	   (1.5	  eq,	   4.92	  mmol,	   815	  µL)	   added.	   	   The	  
reaction	   was	   cooled	   to	   0˚C,	   phosphorous	   oxychloride	   (5	  mL)	   was	   added,	   and	   the	  
reaction	  was	   then	   heated	   at	   reflux.	   	   After	   48h,	   1	  mL	   of	   the	   reaction	  mixture	  was	  
poured	   onto	   crushed	   ice	   and	   the	   resulting	   white	   precipitate	   isolated	   via	   vacuum	  
filtration	  and	  subjected	  to	  analysis.	  
	  
1H	   NMR	   (CDCl3,	   270	   MHz):	   δH	   =	   1.55-­‐1.70	   [m],	   2.11	   [b]	   ppm	   (corresponds	   to	  
1-­‐adamantanol).	  
13C	   NMR	   (CDCl3,	   270	  MHz):	   δC	   =	   30.65,	   36.02,	   45.27,	   68.19	   ppm	   (corresponds	   to	  
1-­‐adamantanol).	  
31P	  NMR	  (CDCl3,	  400	  MHz):	  δP	  =	  no	  signal.	  
	  HR-­‐MS	  (CI,	  NH4+):	  Found	  152	  (corresponds	  to	  1-­‐adamantanol)	  	  
i), ii)
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9.4.6	  	   Attempted	  synthesis	  of	  1-­‐adamantyl	  phosphoric	  
	   	   acid	  (ADPHOS)	  
	  
Anhydrous	  THF	  (10	  mL)	  was	  cooled	  to	  -­‐70˚C,	  and	  sodium	  hydride	  [60%	  dispersion	  in	  
mineral	   oil]	   (6.56	  mmol,	   0.262	  g)	   added,	   and	   the	   reaction	   stirred	   for	   10	  min	   in	   a	  
nitrogen	   atmosphere.	   	   1-­‐adamantanol	   (6.56	  mmol,	   1.00	  g)	   was	   then	   added	  
portionwise,	  and	  the	  reaction	  stirred	  at	  RT	  for	  40	  min.	  	  The	  reaction	  was	  then	  cooled	  
to	  -­‐70˚C,	  and	  phosphorous	  oxychloride	  (1.5	  eq,	  9.84	  mmol,	  917	  µL)	  added.	  	  This	  was	  
then	  stirred	  at	  RT	  and	  monitored	  by	  TLC.	  	  After	  24h	  the	  reaction	  was	  heated	  to	  reflux	  
for	   a	   further	   24	  h.	   	   For	   the	   purpose	   of	   analysis,	   1	  mL	   of	   the	   reaction	  mixture	  was	  
then	   poured	   onto	   crushed	   ice,	   and	   the	   resulting	   white	   precipitate	   isolated	   via	  
vacuum	  filtration.	  
	  
	  1H	   NMR	   (CDCl3,	   270	   MHz):	   δH	   =	   1.53-­‐1.72	   [m],	   2.11	   [b]	   ppm	   (corresponds	   to	  
1-­‐adamantanol).	  
13C	   NMR	   (CDCl3,	   270	  MHz):	   δC	   =	   30.64,	   35.99,	   45.26,	   68.20	   ppm	   (corresponds	   to	  
1-­‐adamantanol).	  
31P	  NMR	  (CDCl3,	  400	  MHz):	  δP	  =	  no	  signal.	  
HR-­‐MS	  (CI,	  NH4+):	  Found	  152	  (corresponds	  to	  1-­‐adamantanol)	  	  
ii), iii)
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9.4.7	  	   Attempted	  synthesis	  of	  1-­‐adamantyl	  phosphoric	  
	   	   acid	  (ADPHOS)	  
	  
1-­‐adamantanol	  (3.28	  mmol,	  0.500	  g)	  was	  stirred	  at	  RT	  with	  DCM	  (5	  mL)	  and	  Hünig's	  
base	  (1.5	  eq,	  4.92	  mmol,	  815	  µL)	  In	  a	  nitrogen	  atmosphere.	  	  PCl3	  (2	  mL)	  was	  added,	  
and	  the	  reaction	  stirred	  at	  RT	  for	  16h.	  	  After	  this	  time	  a	  small	  sample	  of	  the	  reaction	  
was	  poured	  into	  crushed	  ice,	  and	  the	  resulting	  white	  precipitate	  analysed.	  	  	  
	  
1H	   NMR	   (CDCl3,	   270	   MHz):	   δH	   =	   1.55-­‐1.70	   [m],	   2.11	   [b]	   ppm	   (corresponds	   to	  
1-­‐adamantanol).	  	  	  
31P	  NMR	  (CDCl3,	  400	  MHz):	  δP	  =	  no	  signal.	  
HR-­‐MS	  (CI,	  NH4+):	  Found	  152	  (corresponds	  to	  1-­‐adamantanol)	   
9.4.8	  	   Synthesis	  of	  3-­‐(trimethylsilyloxy)propionitrile	  (56)	  
	  
TMSCl	   (1.04	  eq,	   600	  mmol,	   76.6	  mL)	   was	   taken	   up	   in	   anhydrous	   diethyl	   ether	  
(500	  mL)	   In	   a	   nitrogen	   atmosphere,	   and	   the	   resulting	   solution	   cooled	   to	   0˚C	   with	  
stirring.	   	   To	   this	   was	   dropwise	   added	   a	   solution	   of	   triethylamine	   (1.03	  eq,	  
610.0	  mmol,	   108.0	  mL)	   in	   3-­‐hydroxypropionitrile	   (1.0	  eq,	   590	  mmol,	   40.3	  mL),	   and	  
the	  reaction	  stirred	  for	  2h.	  	  The	  
i)
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products	  were	   then	   filtered	  under	  N2,	  and	   the	   filtrate	   concentrated	  under	   reduced	  
pressure	  to	  afford	  a	  clear	  yellow	  solution	  (approx.	  200	  mL).	  	  This	  was	  distilled	  under	  
reduced	  pressure	  [75˚C,	  4	  mmHg]	  to	  afford	  a	  colourless	  oil	  (74.854	  g,	  89%).	  
	  
9.4.9	  	   Synthesis	  of	  tris(2-­‐cyanoethyl)oxyphosphoridite	  




In	   a	   nitrogen	   atmosphere	   3-­‐(trimethylsilyloxy)propionitrile	   (130	  mmol,	   18.6	  g)	   was	  
dissolved	   in	   anhydrous	   MeCN	   (40	  mL).	   	   PCl3	   (3.5	  eq,	   37.12	  mmol,	   3.240	  mL)	   was	  
dropwise	   added	   over	   2h	   at	   rt,	   and	   the	   reaction	   stirred	   for	   a	   further	   15h	   and	  
monitored	   using	   31P	   NMR	   spectroscopy.	   	   The	   reaction	   mixture	   was	   then	  
ii)
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concentrated	  under	  reduced	  pressure	  (0.1	  -­‐	  1.0	  mbar)	  to	  afford	  a	  viscous	  colourless	  
oil	  (8.80	  g,	  98%).	  	  This	  material	  was	  estimated	  by	  31P	  NMR	  spectroscopy:	  [δP	  (CDCl3,	  
400MHz):	   8.98	   [∼14%,	   assigned	   to	   phosphorous	   resonance	   of	   bis(2-­‐cyanoethyl)	  
phosphonate],	   138.83	   [∼86%,	   assigned	   to	   phosphorous	   resonance	   of	   title	  
compound]].	   	   IR	   (thin	   film):	   νmax	   =	   2966-­‐2901	   cm-­‐1	   (C-­‐H	   stretch),	   2254	   cm-­‐1	   (C≡N	  
stretch).	  
9.4.10	   Synthesis	  of	  bis(2-­‐cyanoethyl)	  adamantyl	  	   	  
	   	   phosphate	  (59)	  
Tris(2-­‐cyanoethyl)oxyphosphoridite	  (1.06	  eq,	  29.7	  mmol,	  7.17	  g)	  was	  taken	  up	  in	  9:1	  
anhydrous	   DCM	  :	  anhydrous	   pyridine	   (178	  mL)	   in	   a	   nitrogen	   atmosphere,	   and	   the	  
vessel	   cooled	   to	   -­‐35˚C.	   	   1-­‐adamantanol	   (28.0	  mmol,	   4.26	  g)	   was	   added,	   and	   the	  
mixture	   stirred	   to	   homogeneity.	   	   To	   this	   was	   dropwise	   added	   a	   solution	   of	  
pyridinium	  bromide	  perbromide	  (0.95	  eq,	  25.2	  mmol,	  8.06	  g)	   in	  anhydrous	  pyridine	  
(25	  mL).	  	  The	  reaction	  was	  allowed	  to	  warm	  to	  RT	  and	  stirred	  for	  16h.	  	  The	  reaction	  
was	  then	  quenched	  with	  half-­‐saturated	  NaHCO3	  solution	  (100	  mL),	  and	  the	  organic	  
phase	  washed	  with	  half-­‐saturated	  sodium	  thiosulphate	  solution	  (250	  mL),	  dried	  over	  
Na2SO4,	  concentrated	  in	  vacuo	  and	  then	  dried under	  high	  vacuum	  for	  16h	  to	  afford	  a	  
pale	  yellow	  solid.	   	  This	  was	  purified	  by	   flash	  chromatography	   (silica	  gel,	  hexane	  	  
1:9	  MeOH	  :	  EtOAc	  (v/v)),	  affording	  a	  viscous	  yellow	  oil	  (2.902	  g,	  31%).	  
i), ii)
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1H	  NMR	   (CDCl3,	   400	  MHz)	   δH	  	   =	   1.52	   [m,	   6H,	   (HE)],	   1.96	   [m,	   6H,	   (HC)],	   2.10	   [s,	   3H,	  
(HD)],	  2.66-­‐2.69	  [m,	  4H,	  (HA)],	  4.09-­‐4.14	  [m,	  4H,	  (HB)]	  ppm.	  
13C	  NMR	  (CDCl3,	  400	  MHz)	  δC	  =	  19.7	  [3JCP	  =	  8.0	  Hz,	  (CB)],	  30.70	  (CF),	  35.06	  (CG),	  43.39	  
[3JCP	  =	  4.3	  Hz	   	   (CE)],	  61.82	  [2JCP	  =5.2	  Hz	   	   (CC)],	  84.89	  [2JCP	  =	   	  8.3	  Hz	  (CD)],	  116.57	  (CA)	  
ppm.	  
31P	  NMR	  (CDCl3,	  400	  MHz)	  δP	  =	  -­‐7.113	  ppm.	  
HR-­‐MS	  (CI,	  NH4+):	  Found	  339.147;	  Calculated	  (C16H23N2O4P.H+)	  339.347.	  
IR	  (thin	  film):	  νmax	  =	  3261,	  3179	  cm-­‐1	  (medium,	  C-­‐H	  stretch);	  1032	  cm-­‐1	  (sharp,	  P-­‐OR).	  
TLC	  (Stain	  A,	  silica	  gel,	  MeOH/	  EtOAc,	  1:4)	  Rf	  0.60	  
9.4.11	   Synthesis	  of	  1-­‐adamantyl	  phosphoric	  acid	  	  	  
	   	   (ADPHOS)	  
	  
Bis(2-­‐cyanoethyl)	   adamantyl	   phosphate	   (8.56	  mmol,	   2.90	  g)	   was	   taken	   up	   in	  
anhydrous	  MeCN	  (300	  mL)	  and	  the	  solution	  stirred	  in	  a	  nitrogen	  atmosphere.	  	  TMSCl	  
(4.2	  eq,	   36.00	  mmol,	   4.350	  mL)	   and	   TMG	   (5.0	  eq,	   42.80	  mmol,	   5.380	  mL)	   were	  
i), ii)
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added,	  and	  the	  reaction	  stirred	  at	  RT	  for	  16h.	  	  The	  reaction	  was	  then	  concentrated	  in	  
vacuo,	  and	   the	   resulting	  white	  precipitate	   taken	  up	   in	  distilled	  water	   (100	  mL)	  and	  
washed	   with	   EtOAc	   (150	  mL).	   	   The	   aqueous	   phase	   was	   acidified	   to	   pH	   1	   using	  
concentrated	  HCl,	  thus	  effecting	  precipitation	  of	  a	  white	  solid.	  	  This	  was	  isolated	  via	  
vacuum	   filtration	   and	   dried	   in	   vacuo	   at	   40˚C	   for	   16h	   (crop	   1,	   254	  mg,	   13%).	   	   The	  
filtrate	  was	  extracted	  using	  EtOAc	  (3	  x	  200	  mL),	  dried	  over	  Na2SO4	  and	  concentrated	  
in	  vacuo	  to	  afford	  a	  white	  solid	  which	  was	  washed	  with	  hexane	  and	  dried	  under	  high	  
vacuum	  (crop	  2,	  956	  mg,	  48%).	  	  The	  remaining	  aqueous	  phase	  was	  left	  to	  stand	  at	  RT	  
for	   7d,	   after	   which	   time	   a	   white	   precipitate	   was	   observed.	   	   This	   was	   isolated	   via	  
vacuum	  filtration,	  washed	  with	  hexane,	  and	  dried	   in	  vacuo	  at	  40˚C	  for	  16h	  (crop	  3,	  
232	  mg,	  11.7%).	   	  Following	  analysis,	  all	  three	  crops	  were	  considered	  to	  be	  of	  equal	  
purity	  and	  were	  therefore	  combined.	  
	  
1H	  NMR	  (DMSO-­‐d6,	  400	  MHz)	  δH	  =	  1.53-­‐1.60	   [m,	  6H,	   (HG)],	  1.96	   [m,	  6H,	   (HE)],	  2.10	  
[br,	  3H,	  (HF)]	  ppm.	  
13C	  NMR	  (DMSO-­‐d6,	  400	  MHz)	  δC	  =	  30.28	   (CF),	  35.48	   (CG),	  43.09	   [3JCP	  =	  3.9	  Hz	   (CE)]	  
ppm.	  
31P	  NMR	  (DMSO-­‐d6,	  400	  MHz)	  δP	  =	  -­‐4.70	  ppm.	  
HR-­‐MS	  (ES):	  Found	  230.8;	  Calculated	  (C10H17O4P-­‐H)	  231.2.	  
Elemental	   analysis:	   Calculated	   (C10H16O4P)	   C	   51.95%,	   H	   6.98%;	   Found	   C	   52.05%,	   H	  
7.06%.	  	  
TLC	  (Stain	  B,	  silica	  gel,	  MeOH/	  DCM,	  1:9)	  yellow	  streak	  from	  baseline	  to	  Rf	  0.20	  
9.4.12	   Preparation	  of	  tetrabutylammonium	  1-­‐adamantyl	  
	   	   phosphate	  (ADPHOS-­‐TBA)	  
	  
1-­‐adamantanyl	  phosphoric	   acid	   (2.30	  mmol,	   0.533	  g)	  was	   taken	  up	   in	  a	  mixture	  of	  
distilled	  water	  (60	  mL)	  and	  MeOH	  (20	  mL),	  and	  tetrabutylammonium	  hydroxide-­‐30-­‐
hydrate	   (1.0	  eq,	   2.30	  mmol,	   1.84	  g)	   added.	   	   This	   was	   stirred	   at	   RT	   for	   1h,	   then	  
Chapter	  9:	  Experimental	  
Sally	  L.	  Ewen-­‐Al-­‐Kashi	  	  	  	  	  	  	  PhD	  Thesis	  
	  
302	  
concentrated	   in	   vacuo	   and	   lyophilised	   to	   afford	   a	   cream-­‐coloured	   solid.	   	   This	  was	  
recrystallised	   from	  1:1	   v/v	   EtOAc/hexanes	   and	   further	   lyophilised	   to	   afford	   an	  off-­‐
white	  solid	  (561	  mg,	  52%).	  	  The	  filtrate	  was	  left	  to	  stand	  at	  RT	  for	  several	  days,	  after	  
which	  time	  a	  second	  crop	  precipitated	  (316	  mg,	  29%).	  Following	  analysis,	  both	  crops	  
were	  considered	  to	  be	  of	  equal	  purity	  (>97%)	  and	  were	  therefore	  combined.	  
	  
1H	  NMR	  (DMSO-­‐d6,	  400	  MHz)	  δH	  	  =	  0.93	  [t,	  3JHH	  	  =	  7.3	  Hz,	  12H,	  (HD)],	  1.31	  [sex,	  3JHH	  	  =	  
7.4	  Hz,	  8H,	   (HC)],	  1.51-­‐1.63	  [m,	  14H,	   (HG,	  HB)],	  1.88	  [m,	  6H,	   (HE)],	  2.00	  [s,	  3H,	   (HF)],	  
3.16	  [m,	  8H,	  (HA)]	  ppm.	  
13C	  NMR	  (DMSO-­‐d6,	  400	  MHz)	  δC	  =	  13.43	  (CD),	  19.14	  (CC),	  22.97	  (CB),	  30.21	  (CG),	  36.14	  
(CH),	  43.50	  [3JCP	  =	  4.2	  Hz]	  (CF),	  57.41	  (CA)	  ppm.	  	  
31P	  NMR	  (DMSO-­‐d6,	  400	  MHz)	  δP	  =	  -­‐3.52	  ppm.	  
31P	  NMR	  (CDCl3,	  500	  MHz)	  δP	  =	  -­‐2.29.	  
Elemental	   analysis:	   Calculated	   (C16H36NC10H16O4P)	   C	   65.93%,	   H	   11.67%,	   N	   2.96%;	  
Found	  C	  64.21%,	  H	  10.85%,	  N	  2.83%	  
	  
i)
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9.4.13	   Preparation	  of	  tetrabutylammonium	  phenyl	   	  
	   	   phosphate	  (58)	  
Phenyl	  phosphoric	  acid	  (0.818	  g,	  4.70	  mmol)	  was	  taken	  up	  in	  distilled	  water	  (40	  mL)	  
at	   RT,	   and	   tetrabutylammonium	   hydroxide-­‐30-­‐hydrate	   (1.0	  eq,	   4.70	  mmol,	   3.76	  g)	  
added.	  	  The	  reaction	  was	  stirred	  for	  3	  h	  and	  then	  concentrated	  in	  vacuo	  to	  afford	  a	  
colourless	   translucent	   oil.	   	   This	   was	   recrystallised	   from	   EtOAc	   and	   lyophilised	   to	  
afford	  the	  desired	  salt	  as	  an	  off-­‐white	  solid	  (1.27	  g,	  65%).	  
	  
1H	  NMR	  (CDCl3,	  500	  MHz)	  δH	  =	  0.93	  [3JHH	  	  =	  7.4	  Hz,	  12H,	  (HD)],	  1.39	  [3JHH	  	  =	  7.4	  Hz,	  8H,	  
(HC)],	  1.52-­‐1.58	  [m,	  8H,	  (HB)],	  3.24	  [m,	  8H,	  (HA)],	  6.88	  [t,	  3JHH	  	  =	  7.3	  Hz,	  1H,	  (HG)],	  7.17	  
[m,	  2H,	  (HE	  or	  HF)],	  7.35	  [m,	  2H,	  (HE	  or	  HF)]	  ppm.	  
13C	  NMR	  (CDCl3,	  400	  MHz)	  δC	  =	  13.67	  (CD),	  19.57	  (CC),	  23.91(CB),	  58.50	  (CA),	  120.33	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31P	  NMR	  (CDCl3,	  500	  MHz)	  δP	  =	  -­‐3.40	  ppm.	  
9.4.14	  Preparation	  of	  Imprinted	  Polymer	  FIP(ITU,ADPHOS)	  
	  
In	   a	   Duran®	   soda	   glass	   vial	   fitted	   with	   rubber	   Suba-­‐Seal®,	   tetrabutylammonium	  
1-­‐adamantanyl	   phosphate	   (0.106	  mmol,	   0.050	   	  g)	   and	  
(4-­‐vinylbenzyl)-­‐1-­‐methyl-­‐3-­‐phenylisothiouronium	  chloride	   (2.0	  eq,	  0.21	  mmol,	  0.067	  
g)	  were	  taken	  up	   in	  anhydrous	  CHCl3	   (800	  µL).	   	  EGDMA	  (30	  eq,	  3.18	  mmol,	  600	  µL)	  
and	  AIBN	  (2	  mol%	  to	  all	  polymerisable	  bonds,	  70.0	  µmol,	  11.5	  mg)	  were	  added,	  and	  
the	  mixture	  then	  stirred	  under	  a	  nitrogen	  atmosphere	  for	  30	  min	  and	  sonicated	  for	  
2	  min.	  	  This	  afforded	  a	  clear,	  colourless	  solution.	  	  The	  system	  was	  then	  degassed	  via	  
a	  freeze-­‐vacuum-­‐thaw	  cycle	  (×	  3).	  	  A	  screw-­‐cap	  lid	  was	  then	  fitted	  to	  the	  vial	  under	  a	  
positive	  flow	  of	  N2	  and	  the	  vial	  heated	  at	  60˚C	  for	  36	  h.	   	  Subsequent	  breakage	  and	  
removal	  of	  the	  vessel	  afforded	  a	  yellow-­‐coloured	  shiny	  brittle	  solid.	  	  This	  was	  ground	  
using	  a	  pestle	  and	  mortar,	  resulting	  in	  a	  cream-­‐coloured	  fine	  powder	  (901	  mg).	  	  
i)
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Wash/	  template	  removal	  step	  1	  
This	  was	  placed	   into	  a	  soxhlet	  apparatus,	  and	  5%	  v/v	  acetic	  acid	   in	  CHCl3	   (250	  mL)	  
used	  to	  extract	  (bath	  temperature:	  90˚C,	  48	  h).	  	  The	  solvent	  was	  then	  concentrated	  
in	   vacuo	   to	   afford	   a	   yellow-­‐coloured	   residue,	   which	   was	   taken	   up	   in	   DMSO-­‐d6	  
(1.5	  mL).	   	  1	  mL	  of	   this	  was	  spiked	  with	  propan-­‐2-­‐ol	   (8	  µL)	  as	   internal	   standard	  and	  
then	  analysed	  by	  1H	  and	  31P	  NMR	  spectroscopy.	  	  	  
Wash/	  template	  removal	  step	  2	  
The	   powder	  was	   then	   suspended	   in	   5%	   v/v	   TFA	   in	   CHCl3	   (150	  mL),	   and	   stirred	   for	  
24	  h,	   after	   which	   time	   it	   was	   isolated	   via	   vacuum	   filtration.	   	   The	   filtrate	   was	  
concentrated	   in	   vacuo,	   taken	   up	   in	   DMSO-­‐d6	   (1.5	  mL)	   with	   IPA	   (8	   µL)	   added	   as	  
internal	  standard,	  and	  analysed	  by	  1H	  and	  31P	  NMR	  spectroscopy.	  
Wash/	  template	  removal	  step	  3	  
Finally,	   the	  powder	  was	  placed	   into	  a	   soxhlet	  apparatus,	  and	  5%	  v/v	  acetic	  acid	   in	  
CHCl3	   (250	  mL)	   used	   to	   extract	   (bath	   temperature:	   90˚C,	   24	   h).	   	   The	   solvent	   was	  
concentrated	  in	  vacuo,	  taken	  up	  in	  DMSO-­‐d6	  (1.5	  mL)	  with	  IPA	  (µL)	  added	  as	  internal	  
standard,	  and	  analysed	  by	  1H	  and	  31P	  NMR	  spectroscopy.	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Adapted	   from	   reference	   [267].	   	   In	   a	   nitrogen	   atmosphere,	   eugenol	   (3.25	  mmol,	  
500	  µL)	  was	  taken	  up	  in	  anhydrous	  pyridine	  (15	  mL)	  and	  the	  reaction	  vessel	  cooled	  
to	  0˚C.	   	  Triflic	  anhydride	   (1.2	  eq,	  3.90	  mmol,	  656	  µL)	  was	  added	  dropwise	  and	   the	  
reaction	  stirred	  at	  0˚C	  for	  2	  h	  and	  then	  allowed	  to	  warm	  to	  RT.	  	  After	  15	  h	  the	  dark	  
brown,	  clear	  solution	  was	  cooled	  to	  -­‐78˚C,	  1M	  HCl	   (30	  mL)	  added,	  and	  the	  organic	  
phase	  extracted	  with	  EtOAc	  (35	  mL).	  	  The	  EtOAc	  phase	  was	  further	  washed	  with	  1M	  
HCl	   (2	   ×	   30	  mL),	   then	   dried	   over	   Na2SO4	   and	   concentrated	   in	   vacuo	   to	   afford	   an	  




1H	  NMR	  (DMSO-­‐d6,	  400	  MHz)	  δH	  =	  3.40-­‐3.41	  [d,	  3JHH	  	  =	  6.8	  Hz,	  2H,	  (HD)],	  3.87	  [s,	  3H,	  
(HH)],	   5.07-­‐5.15	   [m,	   2H,	   (HA,	  HB)],	   5.92-­‐6.02	   [m,	   3JHH	   	   =	   6.8,	   10.1,	   3.6	  Hz,	   1H,	   (HC)],	  
6.86-­‐6.88	  [dd,	  3JHH	  	  =	  8.4	  Hz,	  4JHH	  =	  	  1.8	  Hz,	  1H,	  (HF)],	  7.16	  [d,	  4JHH	  	  =	  1.8	  Hz,	  1H,	  (HE)],	  
7.31-­‐7.33	  [d,	  3JHH	  	  =	  8.3	  Hz,	  1H,	  (HG)]	  ppm.	  
13C	  NMR	  (DMSO-­‐d6,	  101	  MHz)	  δC	  =	  39.12	  (CC),	  56.21	  (Ci),	  113.39-­‐122.93	  [1JCF	  =	  320.4	  
Hz,	  (CK)],	  113.87	  (CE),	  116.57	  (CA),	  120.75	  (CG),	  122.01	  (CF),	  136.27	  (CD),	  136.77	  (CB),	  
142.26	  (CJ),	  150.45	  (CH)	  ppm.	  
19F	  NMR	  (DMSO-­‐d6,	  377	  MHz)	  δF	  =	  -­‐74.02	  ppm.	  
HR-­‐MS	  (EI):	  Found	  296.033;	  Calculated	  (C11H11F3O4S)	  296.033	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9.4.16	  	   Attempted	  synthesis	  of	  4-­‐allylaniline-­‐N,N '-­‐	  
	   	   diacetate	  ethyl	  ester	  (80)	  
Adapted	  from	  reference	  [268].	   	  4-­‐allyl-­‐2-­‐methoxyphenyl	  triflate	  (0.400	  mmol,	  0.112	  
g),	   diethyliminodiacetate	   (2.5	  eq,	   1.00	  mmol,	   179	  µL)	   and	   N-­‐methylpyrrolidinone	  
(2.0	  mL)	  were	  placed	  in	  a	  microwave	  vial	  with	  stirrer	  bar,	  and	  the	  vial	  sealed	  with	  a	  
microwave	   vial	   cap.	   	   The	   reaction	  was	   heated	   in	   a	  microwave	   using	   the	   following	  
parameters:	   temperature:	   240˚C;	   heating	   time:	   5	   min;	   absorption	   level:	   normal.	  	  
After	  this	  time,	  TLC	  analysis	  (silica,	  2:1	  v/v	  EtOAc	  :	  hexanes,	  visualisation:	  UV,	  Stain	  A)	  
indicated	   the	   presence	   of	   only	   starting	   materials.	   	   The	   vial	   was	   therefore	   further	  
heated	  in	  a	  microwave,	  using	  the	  following	  parameters:	  temperature:	  250˚C;	  heating	  
time:	  30	  min;	  absorption	  level:	  normal.	  	  After	  this	  time	  the	  reaction	  mixture,	  now	  a	  
dark	   brown	   viscous	   oil,	  was	   poured	   into	   distilled	  H2O	   (20	  mL).	   	   The	   organic	   phase	  
was	  extracted	  with	  EtOAc	  (20	  mL),	  washed	  with	  distilled	  H2O	  (20	  mL)	  then	  dried	  over	  
Na2SO4	   and	   concentrated	   in	   vacuo	   to	   afford	   a	   dark	   brown	   viscous	   oil	   (42	  mg).	   	   1H	  
NMR	   analysis	   suggested	   the	   presence	   of	   multiple	   compounds,	   none	   of	   which	  
corresponded	  to	  the	  desired	  product.	  
 	  
i)
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9.4.17	  	   Attempted	  synthesis	  of	  4-­‐allylaniline-­‐N,N '-­‐	  
	   	   diacetate	  ethyl	  ester	  (80)	  
	  
	  
General	  Procedure	  (refer	  to	  Table	  9-­‐1)	  
Adapted	   from	   references	   [270,	   272,	   275].	   	   To	   an	   oven-­‐dried	   microwave	   vial	  
containing	  a	  magnetic	  stirrer	  bar	  was	  added	  the	  catalyst	   (1	  mol%	  Pd,	  0.004	  mmol),	  
ligand	   (2	   mol%,	   0.016	  mmol)	   and	   base	   (1.1	  -­‐5.0	  eq,	   1.12	  mmol)	   In	   a	   nitrogen	  
atmosphere,	  and	  the	  vial	  temporarily	  sealed	  using	  a	  rubber	  septum.	  	  A	  solution	  of	  4-­‐
allyl-­‐2-­‐methoxyphenyl	   triflate	   (0.800	  mmol,	   0.237	   g)	   and	   diethyliminodiacetate	  
(1.2	  eq,	  0.960	  mmol,	  172	  µL)	   in	  anhydrous	   toluene	   (1.6	  mL)	  was	   transferred	   to	   the	  
microwave	  vial	  via	  syringe.	  	  A	  microwave	  cap	  was	  then	  added	  under	  a	  positive	  flow	  
of	   nitrogen	   and	   the	   reaction	   was	   heated	   in	   a	   microwave	   (see	   Table	   9-­‐1	   for	  
conditions).	   	   The	   reaction	   mixture	   was	   then	   analysed	   by	   TLC	   (silica,	   1:1	   v/v	  
EtOAc	  :	  hexanes,	   visualisation:	   254	  nm,	   Stain	   A),	   which	   generally	   confirmed	   either	  
the	  presence	  of	  unreacted	  starting	  materials	  and/or	  cleavage	  of	  the	  triflate	  moiety	  
to	  yield	  eugenol	  (see	  Section	  4-­‐2).	  	  Where	  the	  reaction	  mixture	  was	  worked-­‐up,	  the	  
following	  approach	  was	  employed:	  To	  the	  reaction	  mixture	  was	  added	  diethyl	  ether	  
(40	  mL)	   and	   the	   resulting	   suspension	   ultrasonicated	   then	   filtered	   under	   vacuum.	  	  
The	   filtrate	  was	  concentrated	   in	   vacuo	   to	  yield	  a	   crude	  oil	  which	  was	   subjected	   to	  
flash	  chromatography	  over	  silica	  gel	  (hexanes	  	  2:1	  v/v	  hexanes	  :	  EtOAc).	  	  1H	  and	  19F	  
NMR	  of	  the	  fractions	  generally	  confirmed	  either	  the	  presence	  of	  unreacted	  starting	  
i)	  other	  reagents:	  see	  Table	  9-­‐1;	  microwave	  heating:	  see	  Table	  9-­‐2	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materials	   and/or	   cleavage	   of	   the	   triflate	  moiety	   to	   yield	   eugenol	   (further	   detail	   in	  
Section	  4-­‐2	  and	  Table	  4-­‐1).	  
	  
	  




Pd2(dba)3	   2-­‐(di-­‐tert-­‐butylphosphino)biphenyl	   NaOt-­‐Bu	  (1.1)	   10	  min	   150˚C	  
Pd2(dba)3	   2-­‐(dicyclohexylphosphino)biphenyl	   NaOt-­‐Bu	  (1.1)	   10	  min	   150˚C	  
Pd2(dba)3	   2-­‐(di-­‐tert-­‐butylphosphino)biphenyl	   K3PO4	  (1.1)	   20	  min	   150˚C	  
Pd2(dba)3	   2-­‐(dicyclohexylphosphino)biphenyl	   K3PO4	  (1.1)	   20	  min	   150˚C	  
Pd2(dba)3	   2-­‐(di-­‐tert-­‐butylphosphino)biphenyl	   K3PO4	  (5.0)	   20	  min	   150˚C	  
Pd2(dba)3	   2-­‐(dicyclohexylphosphino)biphenyl	   K3PO4	  (5.0)	   20	  min	   150˚C,	  190˚C	  
Pd2(dba)3	   2-­‐(di-­‐tert-­‐butylphosphino)biphenyl	   Cs2CO3	  (5.0)	   20	  min	   150˚C	  
Pd2(dba)3	   2-­‐(dicyclohexylphosphino)biphenyl	   Cs2CO3	  (5.0)	   20	  min	   150˚C	  
Pd(OAc)2	   (±)BINAP	   Cs2CO3	  (1.5)	   20	  min	   150˚C	  
Table	  9-­‐1	  Conditions	  and	  reagents	  used	  in	  attempted	  Buchwald	  amination	  of	  4-­‐allyl-­‐2-­‐
methoxyphenyl	  triflate	  
	  
9.4.18	  	   Synthesis	  of	  2-­‐methoxyaniline-­‐N,N '-­‐diacetate	  	  
	   	   ethyl	  ester	  (85)	  
Adapted	  from	  reference	  [277].	  	  In	  a	  nitrogen	  atmosphere,	  K2HPO4	  (2.2	  eq,	  179	  mmol,	  
31.1	  g),	  anhydrous	  MeCN	  (100	  mL)	  and	  KI	  (2.2	  eq,	  179	  mmol,	  29.7	  g)	  were	  added	  to	  
an	  oven-­‐dried	  flask	  equipped	  with	  magnetic	  stirrer	  bar,	  affording	  a	  suspension.	   	  To	  
this	   was	   added	   ethylbromoacetate	   (2.1	   eq,	   171	   mmol,	   18.9	   mL)	   and	   o-­‐anisidine	  
(81.200	   mmol,	   9.158	   mL)	   and	   the	   reaction	   was	   heated	   at	   reflux	   for	   90.5	   h.	   	   The	  
reaction	  mixture	  was	  then	  allowed	  to	  cool	  to	  RT	  and	  concentrated	  in	  vacuo	  to	  afford	  
a	  crude	  dark	  red/	  brown	  mixture.	  	  This	  was	  taken	  up	  in	  EtOAc	  (550	  mL)	  and	  washed	  
with	  distilled	  H2O	  (2	  ×	  400	  mL)	  and	  saturated	  brine	  (100	  mL).	  	  The	  organic	  phase	  was	  
dried	  over	  Na2SO4	  and	  concentrated	  in	  vacuo	  to	  afford	  a	  dark	  brown/red	  thick	  oil.	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This	  was	  purified	  by	  flash	  chromatography	  over	  silica	  gel	  (hexanes	  	  EtOAc)	  to	  yield	  
the	   product	   as	   a	   runny	   dark	   yellow/brown	   oil	   (Rf	   0.38	   in	   1:4	   v/v	   EtOAc	  :	  hexanes,	  
13.344	  g,	  56%).	  	  	  
	  
	  
1H	  NMR	  (CDCl3,	  400	  MHz):	  δH	  =	  1.23-­‐1.26	  [t,	  3JHH	  	  =	  7.0	  Hz,	  6H,	  (HH)],	  3.79	  [s,	  3H,	  (HA),	  
4.13	  [s,	  4H,	  (HF)],	  4.15-­‐4.20	  [q,	  3JHH	  	  =	  7.1	  Hz,	  4H,	  (HG)],	  6.81-­‐6.93	  [m,	  4H	  (HE,	  HD,	  HC,	  
HB)]	  ppm.	  
13C	  NMR	  (CDCl3,	  101	  MHz):	  δC	  =	  14.20	  (CH),	  53.94	  (CF),	  55.51	  (CA),	  60.56	  (CG),	  111.91	  
(Car),	   119.08	   (Car),	   120.85	   (Car),	   122.33	   (Car),	   138.67	   (Car),	   151.38	   (Car),	   171.43	   (CL)	  
ppm.	  
HR-­‐MS	  (ESI):	  Found	  296.151;	  Calculated	  (C15H21NO5	  ⋅	  H+)	  296.150	  
Elemental	   analysis:	   Calculated	   (C15H21NO5)	   C	   61.00%,	   H	   7.17%,	   N	   4.74%;	   Found	   C	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9.4.19	  	   Synthesis	  of	  2-­‐methoxyaniline-­‐4-­‐formyl-­‐N,N '-­‐	  
	   	   diacetate	  ethyl	  ester	  (86)	  
Adapted	  from	  reference	  [278].	  	  In	  a	  nitrogen	  atmosphere,	  anhydrous	  DMF	  (200	  mL)	  
was	  added	   to	  an	  oven-­‐dried	   flask	  and	   the	   flask	  was	  cooled	   to	  0˚C.	   	  To	   the	  stirring	  
DMF	  was	  dropwise	  added	  POCl3	  (10.0	  eq,	  1.06	  mol,	  97.0	  mL)	  over	  a	  period	  of	  30	  min;	  
this	   afforded	   a	   peach-­‐coloured	   clear	   solution.	   	   After	   stirring	   for	   20	  min,	   2-­‐
methoxyaniline-­‐N,N'-­‐diacetate	   ethyl	   ester	   (106	  mmol,	   31.3	  g)	   was	   dropwise	   added	  
over	  a	  period	  of	  20	  min	  as	  a	  solution	  in	  anhydrous	  DMF	  (200	  mL),	  and	  the	  resulting	  
red/	  brown	  clear	  solution	  was	  allowed	  to	  warm	  to	  RT	  	  and	  then	  heated	  at	  100˚C	  for	  
30	   min.	   	   After	   cooling	   to	   RT,	   the	   reaction	   mixture	   was	   poured	   into	   3500	   mL	   ice	  
water,	  and	  the	  pH	  raised	  to	  7-­‐8	  with	  the	  addition	  of	  solid	  NaHCO3.	  	  The	  product	  was	  
extracted	  using	  EtOAc	  (3	  ×	  4000	  mL)	  and	  the	  organic	  phase	  concentrated	  in	  vacuo	  to	  
a	  crude	  brown	  residue	  (39.50	  g)	  and	  subsequently	  washed	  with	  50%	  saturated	  brine	  
(600	  mL),	   dried	   over	   Na2SO4	   and	   concentrated	   in	   vacuo	   to	   afford	   a	   runny	   yellow/	  
brown	  oil.	  	  This	  was	  purified	  via	  flash	  chromatography	  (silica	  gel,	  hexanes	  	  1:1	  v/v	  
EtOAc	  :	  hexanes)	   to	   afford	   a	   clear	   yellow	   oil	   (Rf	   0.47	   in	   3:2	   v/v	   EtOAc	  :	  hexanes,	  
31.791	  g,	  93%).	  	  	  
	  
i), ii)
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1H	  NMR	  (CDCl3,	  400	  MHz):	  δH	  =	  1.26-­‐1.29	  [t,	  3JHH	  	  =	  7.0	  Hz,	  6H,	  (HH)],	  3.81	  [s,	  3H,	  (HA),	  
4.16	  [s,	  4H,	  (HF)],	  4.19-­‐4.24	  [q,	  3JHH	  	  =	  7.1	  Hz,	  4H,	  (HG)],	  6.71-­‐6.73	  [d,	  3JHH	  	  =	  8.6	  Hz,	  1H	  
(HB)],	  7.32-­‐7.34	  [m,	  2H	  (HD,	  HE)],	  9.76	  [s,	  1H,	  (HC)]	  ppm.	  
13C	  NMR	  (CDCl3,	  101	  MHz):	  δC	  =	  14.26	  (CH),	  54.28	  (CF),	  55.74	  (CA),	  60.38	  (CG),	  110.09	  
(Car),	   116.30	   (Car),	   126.66	   (Car),	   129.94	   (Car),	   144.97	   (Car),	   150.52	   (Ci),	   170.83	   (CJ),	  
190.65	  (CC)	  ppm.	  
HR-­‐MS	  (ESI):	  Found	  324.144;	  Calculated	  (C16H21NO6	  ⋅	  H+)	  324.145	  
Elemental	   analysis:	   Calculated	   (C16H21NO6)	   C	   59.43%,	   H	   6.55%,	   N	   4.33%;	   Found	   C	  
59.41%,	  H	  6.60%,	  N	  4.29%.	  
	  
9.4.20	  	   Synthesis	  of	  2-­‐methoxyaniline-­‐4-­‐vinyl-­‐N,N '-­‐	  
	   	   diacetate	  ethyl	  ester	  (87)	  
i)
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Adapted	   from	   reference	   [279].	   	   In	   a	   nitrogen	   atmosphere,	   CH3PPh3Br	   (1.3	  eq,	  
22.1	  mmol,	   7.90 g)	   was	   taken	   up	   in	   anhydrous	   THF	   (100	   mL)	   with	   stirring,	   and	  
potassium	   tert-­‐butoxide	   (1.3,	   22.1	  mmol,	   2.48	  g)	   added.	   	   An	   immediate	   colour	  
change	  from	  colourless	  to	  lemon-­‐yellow	  was	  observed.	  	  The	  reaction	  was	  stirred	  at	  
RT	  for	  30	  min,	  and	  then	  a	  solution	  of	  2-­‐methoxyaniline-­‐4-­‐formyl-­‐N,N'-­‐diacetate	  ethyl	  
ester	  (17.0	  mmol,	  5.50	  g)	  in	  anhydrous	  THF	  (100	  mL)	  was	  dropwise	  added	  via	  syringe	  
over	  a	  period	  of	  25	  min.	   	  The	  reaction	  was	  allowed	  to	  stir	  at	  RT	  for	  a	   further	  60	  h,	  
after	   which	   time	   the	   reaction	   mixture	   was	   filtered	   under	   vacuum	   and	   the	   beige-­‐
coloured	  precipitate	  washed	  with	  EtOAc	  (400	  mL).	  	  The	  filtrate	  was	  concentrated	   in	  
vacuo	   and	   purified	   via	   flash	   chromatography	   (silica	   gel,	   hexanes	   	   3:2	   v/v	  




1H	  NMR	  (CDCl3,	  400	  MHz):	  δH	  =	  1.16-­‐1.19	  [t,	  3JHH	  	  =	  7.2	  Hz,	  6H,	  (HJ),	  3.74	  [s,	  3H,	  (HA)],	  
4.07	  [s,	  4H,	  (HH)],	  4.07-­‐4.13	  [q,	  3JHH	  	  =	  7.1	  Hz,	  4H,	  (Hi)],	  5.02-­‐5.05	  [dd,	  2JHH	  	  =	  	  0.5	  Hz,	  
3JHH	  	  =	  10.9	  Hz,	  1H	  (HD)],	  5.50-­‐5.54	  [dd,	  2JHH	  	  =	  	  0.5	  Hz,	  3JHH	  	  =	  17.6	  Hz,	  1H,	  (HC)],	  6.50-­‐
6.57	   [dd,	   3JHH	   	  =	  17.6	  Hz,	   3JHH	   	  =	  10.9	  Hz,	  1H,	   (HE)],	  6.70-­‐6.72	   [d,	   3JHH	   	  =	  7.9	  Hz,	  1H,	  
(Har)],	  6.82-­‐6.84	  [m,	  2H,	  (Har)]	  ppm.	  
HR-­‐MS	  (ESI):	  Found	  322.165;	  Calculated	  (C17H23NO5	  ⋅	  H+)	  322.166	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9.4.21	  	   Attempted	  synthesis	  of	  dipotassium	  2-­‐	   	  




Adapted	  from	  reference	  [280].	  	  A	  solution	  of	  10%	  w/v	  KOH	  (30	  mL)	  in	  distilled	  water	  
was	   added	   to	   a	   solution	   of	   2-­‐methoxyaniline-­‐4-­‐vinyl-­‐N,N'-­‐diacetate	   ethyl	   ester	  
(12.0	  mmol,	  3.85	  g)	  in	  absolute	  EtOH	  (125	  mL)	  and	  the	  reaction	  heated	  with	  stirring	  
at	   reflux	   for	  1h	  and	  then	  allowed	  to	  cool	   to	  RT.	   	  TLC	  analysis	  of	   the	  resulting	  clear	  
yellow	   solution	   (silica,	   3:2	   v/v	   EtOAc	  :	  hexanes,	   visualisation:	   254	  nm)	   confirmed	  
disappearance	   of	   the	   starting	   material	   spot	   (Rf	   0.72)	   and	   appearance	   of	   a	   new	  
component	  (Rf.	  0.00).	   	  The	  reaction	  mixture	  was	  concentrated	   in	  vacuo	  and	  various	  
unsuccessful	   attempts	  made	   to	   precipitate	   the	   product	   (solvents	   tested:	   acetone,	  
diethyl	  ether,	  MeOH).	  	  Therefore	  1M	  HCl	  was	  used	  to	  lower	  the	  pH	  to	  2-­‐3,	  with	  the	  
view	  to	  extracting	  the	  bis-­‐acid.	  	  However,	  this	  resulted	  in	  a	  tacky	  orange	  solid	  which	  
was	  insoluble	  in	  standard	  NMR	  solvents	  (10	  min	  sonication	  in	  either	  D2O,	  DMSO-­‐d6,	  
CDCl3,	  DMF-­‐d7	  or	  MeOD-­‐d3).	  	  Reaction	  abandoned.	  
	  
i)
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9.4.22	  Synthesis	  of	  dipotassium	  	   	   	   	   	  
	   	   	   	  2-­‐methoxyaniline-­‐4-­‐vinyl-­‐N,N '-­‐diacetate	  (FM88)	  
	  
In	   a	   nitrogen	   atmosphere,	   2-­‐methoxyaniline-­‐4-­‐vinyl-­‐N,N'-­‐diacetate	   ethyl	   ester	  
(1.11	  g,	   3.45	  mmol)	   was	   taken	   up	   in	   absolute	   EtOH	   (40	  mL)	   and	   distilled	   water	  
(10	  mL),	  and	  KOH	  (2.0	  eq,	  6.90	  mmol,	  0.387	  g)	  added.	   	  The	  reaction	  was	  stirred	  for	  
17	  h	  at	  RT	  and	  then	  analysed	  by	  TLC,	  which	  confirmed	  the	  presence	  of	  both	  mono-­‐
saponified	  product	  and	  the	  desired	  bis-­‐saponified	  species	  as	  well	  as	  residual	  starting	  
material	  (silica,	  1:9	  v/v	  MeOH	  :	  EtOAc,	  visualisation:	  254	  nm,	  Stain	  C):	  
	   Rf	  0.71	  [UV-­‐visible,	  faintly	  blue	  in	  vanillin]	  =	  residual	  starting	  material	  
	   Rf	  0.14	  [UV-­‐visible,	  faintly	  blue	  in	  vanillin]	  =	  mono-­‐saponified	  material	  
Rf	  0.00	  [UV-­‐visible,	  dark	  blue	  in	  vanillin]	  =	  desired	  product	  
The	   reaction	  mixture	  was	   concentrated	   in	   vacuo	   and	   then	   lyophilised	   to	   afford	   an	  
opaque	  yellow	   solid	  which	  was	   taken	  up	   in	  distilled	  H2O	   (10	  mL)	   and	  washed	  with	  
diethyl	   ether	   (3	   ×	   10	  mL);	   subsequent	   TLC	   analysis	   confirmed	   that	   the	   residual	  
starting	  material	  was	  now	  exclusively	  in	  the	  organic	  phase.	  	  The	  aqueous	  phase	  was	  
then	   lyophilised	  and	  1H	  NMR	  analysis	  of	  the	  crude	  product	   (975	  mg)	   indicated	  that	  
the	   desired	   product	   and	   the	   mono-­‐saponified	   species	   were	   present	   in	   the	   molar	  
ratio	  1.00	  :	  0.07.	  	  From	  this	  it	  was	  calculated	  that	  the	  crude	  product	  contained	  0.910	  
i)
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g	   (2.67	  mmol)	   desired	  product	   and	  0.065	  g	   (0.196	  mmol)	  mono-­‐saponifed	  product.	  	  
This	   was	   therefore	   taken	   up	   in	   distilled	   water	   (10	  mL),	   further	   KOH	   (0.011	   g,	  
0.196	  mmol)	   added,	   and	   the	   reaction	   stirred	   at	   RT.	   	   After	   18	  h,	   TLC	   analysis	  
confirmed	  that	  all	  mono-­‐saponified	  product	  had	  been	  converted	  to	  the	  desired	  bis-­‐
saponified	  product.	  	  The	  reaction	  mixture	  was	  concentrated	  in	  vacuo	  to	  afford	  a	  pale	  
yellow	  solid	  (975	  mg,	  83%).	  
	  
1H	  NMR	  (D2O,	  400	  MHz):	  δH	  =	  3.81-­‐3.82	  [m,	  7H,	  (HG,	  HH)],	  5.14-­‐5.16	  [d,	  1H,	  3JHH	  =	  5.6,	  
(HA)],	  5.66-­‐5.71	  [d,	  1H,	  3JHH	  =	  5.7	  Hz,	  (HB)],	  6.65-­‐6.72	  [m,	  2H,	  (HC,	  HF)],	  6-­‐97-­‐6.99	  [d,	  
1H,	  3JHH	  =	  6.9	  Hz,	  (HE)],	  7.09	  [s,	  1H,	  (HD)]	  ppm.	  
13C	  NMR	  (D2O,	  101	  MHz):	  δC	  =	  55.86	  (CG),	  56.80	  (CH),	  110.31	  (CD),	  111.32	  (CA),	  116.58	  
(CF),	  119.73	  (CE),	  129.53	  (CK),	  136.41	  (CC),	  140.30	  (CJ/CL),	  150.23	  (CJ/CL)	  ppm.	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9.4.23	  	   Preparation	  of	  a	  series	  of	  polymers:	  	   	   	  
	   	   FIP111(PEGDA);	   FIP211(PEGDA);	   FIP221(PEGDA);	  
	   	   NIP110(PEGDA);	  NIP210(PEGDA);	  NFP(PEGDA)	  	  
	   	   using	   poly(ethylene	   glycol)diacrylate	   [ADE400]	   as	  
	   	   the	   crosslinker,	   and	   subsequent	   (failed)	   attempt	  
	   	   to	  remove	  the	  template	  molecule	  using	  Ba(OH)2	  
General	  procedure	  
Stock	   solutions	   of	   the	   ligand,	  metal	   and	   template	   respectively	  were	  prepared	   as	  
follows:	   FM88	   (1.37	  mmol,	   0.600	   g)	  was	  dissolved	   in	  HPLC-­‐grade	  H2O	   (3.00	  mL)	   to	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afford	   a	   456	  mM	   stock	   solution	   of	   ligand.	   	   In	   a	   nitrogen	   atmosphere,	   Ga(III)Cl3	  
(25.4	  mmol,	   4.47	  g)	   was	   added	   portionwise	   to	   distilled	   ice	   water	   (30.0	  mL)	   with	  
stirring,	  and	  the	  solution	  concentration	  determined	  by	  ICP	  to	  be	  852	  mM.	  	  Glycerol	  
phosphate	  (1.00	  mmol,	  0.277	  g)	  was	  dissolved	  in	  HPLC-­‐grade	  H2O	  (1.00	  mL)	  to	  afford	  
a	  1.0	  M	  template	  stock	  solution.	  
Polymerisations	   (refer	   to	   Table	   9-­‐2):	   Into	   a	   Duran®	   soda	   glass	   vial	   sealed	  with	   a	  
rubber	  septum	  was	  added	  (in	  this	  order):	  HPLC-­‐grade	  H2O	  (total	  volume	  -­‐	   including	  
that	   added	   as	   stock	   solution	   -­‐	   to	   be	   equal	   to	   the	   volume	   of	  
poly(ethylene	  glycol)diacrylate	  used),	   ligand	  stock	  solution	  (1.0	  eq	  or	  0.0	  eq),	  metal	  
stock	   solution	   (2.0	  eq,	   1.0	  eq	   or	   0.0	  eq),	   template	   stock	   solution	   (2.0	  eq,	   1.0	  eq	   or	  
0.0	  eq)	   and	  poly(ethylene	  glycol)	   diacrylate	   [ADE	  400]	   (22.0	  eq).	   	   The	   solution	  was	  
sonicated	   and	   degassed	   (N2	   needle	   to	   bottom	   of	   vial)	   for	   2-­‐3	  min.	   	   The	   initiator	  
(2	  mol%	   in	   respect	   to	   all	   polymerisable	   bonds)	   was	   then	   added,	   and	   the	   reaction	  
mixture	  further	  sonicated	  with	  degassing	  for	  up	  to	  one	  hour	  (or	  until	  polymerisation	  
obviated	  degassing).	  	  A	  screw-­‐cap	  lid	  was	  then	  fitted	  to	  the	  vial	  under	  a	  positive	  flow	  
of	  N2	  and	  the	  vial	  heated	  at	  40˚C	  for	  23	  h.	  	  Afterwards,	  the	  screw	  cap	  was	  removed,	  
and	   the	   polymers	   dried	   to	   constant	   weight	   in	   a	   vacuum	   oven	   (34˚C,	   4d).	   	   The	  
polymer	  monoliths	  were	  then	  ground	  to	  fine	  particles	  using	  pestle	  and	  mortar	  (Table	  
9-­‐3).	  
All	   polymers	   were	   subjected	   to	   template	   removal	   conditions	   as	   follows:	   To	   the	  
polymer	   particles	   was	   added	   saturated	   Ba(OH)2	   (aq)	   (35	  mL)	   and	   the	   resulting	  
suspension	   rocked	   at	   RT	   for	   20	  h.	   	   The	   solids	   were	   then	   isolated	   via	   vacuum	  
filtration,	  washed	  with	  distilled	  water	   (100	  mL),	  and	  dried	   in	  a	  vacuum	  oven	  (50˚C,	  
23	   h).	   	   The	   filtrates	   were	   lyophilised.	   	   The	   lyophilised	   filtrate	   corresponding	   to	  
FIP211(PEGDA)	   (chosen	   arbitrarily	   as	   representative	   sample)	   was	   taken	   up	   in	   DCl	  
and	  analysed	  by	  1H	  and	  31P	  NMR.	  	  
	  1H	  NMR	  (DCl,	  400	  MHz):	  δH	  =	  3.64-­‐3.73	  [m,	  (oligoethylene	  glycol)]	  ppm.	  
31P	  NMR	  (DCl,	  162	  MHz):	  δP	  =	  -­‐5.31,	  -­‐0.80,	  -­‐0.22	  ppm.	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-­‐	   3.564,	  1.621	   0.720	   0.149,	  42	  
NFP(PEGDA)	   -­‐	   -­‐	   -­‐	   3.564,	  1.621	   1621	   0.143,	  40	  




Mass	  of	  polymer	  monolith	  
after	  drying	  (g)	  
(%	  yield)	  
Mass	  of	  polymer	  after	  
grinding	  (g)	  
(%	  yield)	  
FIP111(PEGDA)	   2.06	  (105%)	   2.00	  (102%)	  
FIP211(PEGDA)	   2.20	  (110%)	   2.11	  (105%)	  
FIP221(PEGDA)	   2.08	  (103%)	   2.04	  (101%)	  
NIP110(PEGDA)	   1.96	  (102%)	   1.92	  (100%)	  
NIP210(PEGDA)	   2.06	  (105%)	   1.99	  (101%)	  
NFP(PEGDA)	   1.90	  (102%)	   1.84	  (99%)	  
Table	  9-­‐3	  Weights	  of	  polymers	  after	  drying	  and	  after	  grinding	  (prior	  to	  template	  removal	  step)	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9.4.24	  	   Synthesis	  of	  N,N'-­‐dimethyl-­‐1,3-­‐	  	   	   	  
	   	   bis(acrylamide)propane	  (DMBAP)	  
	  
Adapted	   from	   reference	   [5]	   but	   with	   modified	   work-­‐up	   (see	   Section	   5.4).	   	   In	   a	  
nitrogen	  atmosphere,	  acryloyl	  chloride	  (2.0	  eq,	  9.79	  mmol,	  795	  µL)	  was	  taken	  up	  in	  
anhydrous	  MeCN	   (25	  mL)	  with	   stirring.	   	   The	   resulting	   solution	  was	  cooled	   to	   -­‐10˚C	  
and	   a	   solution	   of	  N,N'-­‐dimethyl-­‐1,3-­‐propanediamine	   (2.0	  eq,	   9.79	  mmol,	   1.00	  g)	   in	  
anhydrous	  MeCN	  (5	  mL)	  added	  dropwise	  via	  cannula.	  	  The	  reaction	  was	  then	  stirred	  
at	   -­‐10˚C	   for	  a	   further	  2h	  and	  afterwards	  at	  RT	   for	  72h.	   	   The	  white	  precipitate	  was	  
removed	   via	   vacuum	   filtration	   and	   washed	   with	   MeCN	   (3	   ×	   50	  mL),	   and	   the	  
combined	   filtrate	   concentrated	   in	   vacuo	   to	   afford	  a	   colourless,	   runny	  oil	   (1.133	  g).	  	  
This	  was	   dissolved	   in	   acetone	   (30	  mL)	   and	   then	  passed	   through	   a	   pad	  of	   silica	   gel	  
(height:	  190	  mm,	  width:	  45	  mm),	  washing	  through	  with	  acetone	  (90	  mL).	  	  The	  filtrate	  
was	  concentrated	  in	  vacuo	  to	  afford	  a	  colourless,	  runny	  oil	  (936	  mg,	  91%).	  
i)
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1H	  NMR	  (CDCl3,	  400	  MHz):	  δH	  =	  1.70	  [m,	  2H,	  (HF)],	  2.84	  and	  2.93	  [s,	  6H,	  (HD,	  HH)],	  3.29	  
[m,	  4H,	  (HE,	  HG)],	  3.50-­‐3.56	  [m,	  2H,	  (CH=CH2)],	  6.11-­‐6.15	  [m,	  2H,	  (CH=CH2)],	  6.40-­‐6.47	  
[m,	  2H,	  (CH=CH2)]	  ppm.	  
13C	   NMR	   (CDCl3,	   101	  MHz):	   δC	   =	   24.63	   and	   26.52	   (CF),	   33.79	   and	   35.43	   (CH,	   CD),	  
127.07-­‐128.14	  (CH=CH2),	  166.26	  (CC,	  Ci)	  ppm.	  
HR-­‐MS	  (ESI):	  Found	  211.144;	  Calculated	  (C11H18N2O2	  ⋅	  H+)	  211.145.	  
	   	  
9.4.25	  	   Synthesis	  of	  	   	   	   	   	   	   	  
	   	   poly(N,N'-­‐dimethyl-­‐1,3-­‐bis(acrylamide)propane)	  
In	   a	   Duran®	   soda	   glass	   vial	   fitted	   with	   rubber	   Suba-­‐Seal®,	  
N,N'-­‐dimethyl-­‐1,3-­‐bis(acrylamide)propane	   (2.83	  mmol,	   0.594	   g)	   was	   taken	   up	   in	  
HPLC-­‐grade	   H2O	   (594	   µL)	   and	   the	   mixture	   sonicated	   and	   degassed	   (N2	   needle	   to	  
bottom	  of	   vial)	   for	  20	  min.	   	  ABCV	   (2	  mol%	   to	  all	   polymerisable	  bonds,	  0.11	  mmol,	  
0.032	  g)	  was	  added	  and	  the	  mixture	  further	  degassed	  with	  sonication	  for	  8	  min,	  until	  
initiation	   obviated	   further	   degassing.	   	   A	   screw-­‐cap	   lid	   was	   then	   fitted	   to	   the	   vial	  
under	  a	  positive	  flow	  of	  N2	  and	  the	  mixture	  heated	  at	  60˚C	  for	  24	  h.	  	  After	  this	  time,	  
the	  resulting	  polymer	  appeared	  as	  a	  semi-­‐translucent,	  off-­‐white	  solid.	  The	  polymer	  
monolith	  was	   dried	   to	   constant	  weight	   (vacuum	   oven,	   50˚C,	   24	   h):	   597	  mg.	   	   The	  
i)
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monolith	   was	   then	   ground	   to	   a	   fine	   powder	   using	   a	   pestle	   and	   mortar,	   and	   the	  
polymer	  particles	  were	  washed	  with	  distilled	  H2O	   (approx.	  100	  mL)	  using	  a	   soxhlet	  
apparatus	  over	  24	  h.	  	  The	  polymer	  was	  then	  dried	  in	  a	  vacuum	  oven	  (40˚C,	  48h)	  to	  
afford	  a	  fine,	  cream-­‐coloured	  solid	  (589	  mg,	  99%).	  
	   	  
9.4.26	  	   Synthesis	  of	  	   	   	   	   	   	   	  
	   N,N'-­‐dimethyl-­‐1,8-­‐bis(acrylamide)-­‐3,6-­‐dioxaoctane	  
	  
In	  a	  nitrogen	  atmosphere,	  acryloyl	  chloride	  (2.0	  eq,	  5.11	  mmol,	  415	  µL)	  was	  taken	  up	  
in	  anhydrous	  MeCN	  (15	  mL)	  with	  stirring.	  	  The	  resulting	  solution	  was	  cooled	  to	  -­‐10˚C	  
and	  a	  solution	  of	  1,8-­‐bis(methylamino)-­‐3,6-­‐dioxaoctane	  (2.0	  eq,	  5.11	  mmol,	  0.900	  g)	  
in	   anhydrous	   MeCN	   (5	  mL)	   added	   dropwise	   via	   cannula.	   	   The	   reaction	   was	   then	  
stirred	  at	  -­‐10˚C	  for	  a	  further	  2h	  and	  afterwards	  at	  RT	  for	  16h.	  	  The	  white	  precipitate	  
was	   removed	   via	   vacuum	   filtration	   and	   washed	   with	  MeCN	   (2	   ×	   30	  mL),	   and	   the	  
combined	  filtrate	  concentrated	   in	  vacuo	   to	  afford	  a	  colourless,	   runny	  oil.	   	  This	  was	  
dissolved	   in	   acetone	   (30	  mL)	   and	   then	   passed	   through	   a	   pad	   of	   silica	   gel	   (height:	  
250	  mm,	  width:	  45	  mm),	  washing	  through	  with	  acetone	  (3	  ×	  30	  mL).	  	  The	  filtrate	  was	  
concentrated	  in	  vacuo	  to	  afford	  a	  colourless,	  runny	  oil	  (688	  mg,	  95%).	  
i)
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1H	  NMR	  (D2O,	  400	  MHz):	  δH	  =	  2.97	  and	  3.11	  [s,	  6H,	  (HD,	  HK)],	  3.57-­‐3.68	  [m,	  12H,	  (HE,	  
HF,	  HG,	  HH,	  Hi,	  HJ)],	  5.73-­‐5.79	  [m,	  2H,	  (HA,	  HM)],	  6.10-­‐6.14	  [m,	  2H,	  (HB,	  HN)],	  6.65-­‐6.79	  
[m,	  2H,	  (HC,	  HL)]	  ppm.	  
13C	  NMR	  (D2O,	  101	  MHz):	  δC	  =	  36.65	  and	  38.93	   (CD,	  CK),	  49.87,	  52.09,	  70.15,	  70.46,	  
70.54,	   72.02,	   72.10,	   72.49	   and	  72.59	   (CE,	  CF,	  CG,	  CH,	  Ci,	  CJ),	   130.15,	   130.21,	   130.73	  
and	  131.01	  (CA,	  CB,	  CM,	  CN),	  171.71	  and	  171.95	  (CC,	  CL)	  ppm.	  
HR-­‐MS	  (ESI):	  Found	  307.162;	  Calculated	  (C14H24N2O4	  ⋅	  Na+)	  307.163.	  
	  
9.4.27	   Synthesis	  of	  poly(N,N'-­‐dimethyl-­‐	   	   	  
	   	   1,8-­‐bis(acrylamide)-­‐3,6-­‐dioxaoctane)	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In	   a	   Duran®	   soda	   glass	   vial	   fitted	   with	   rubber	   Suba-­‐Seal®,	  
N,N'-­‐dimethyl-­‐1,8-­‐bis(acrylamide)-­‐3,6-­‐dioxaoctane	   (1.30	  mmol,	   0.369	   g)	   was	   taken	  
up	  in	  HPLC-­‐grade	  H2O	  (369	  µL)	  and	  the	  mixture	  sonicated	  and	  degassed	  (N2	  needle	  
to	  bottom	  of	  vial)	  for	  20	  min.	  	  ABCV	  (2	  mol%	  to	  all	  polymerisable	  bonds,	  0.052	  mmol,	  
0.015	  g)	  was	  added	  and	  the	  mixture	  further	  degassed	  with	  sonication	  for	  55	  min.	  	  A	  
screw-­‐cap	  lid	  was	  then	  fitted	  to	  the	  vial	  under	  a	  positive	  flow	  of	  N2	  and	  the	  mixture	  
heated	   at	   60˚C	   for	   24	   h.	   	   After	   this	   time,	   the	   resulting	   polymer	   appeared	   as	   a	  
semi-­‐translucent,	   peach-­‐coloured	   monolith.	   	   This	   was	   dried	   to	   constant	   weight	  
(vacuum	  oven,	  60˚C,	  24	  h):	  364	  mg.	  	  The	  monolith	  was	  then	  ground	  to	  a	  fine	  powder	  
using	  a	  pestle	  and	  mortar,	  and	  the	  polymer	  particles	  were	  washed	  with	  distilled	  H2O	  
(approx.	  100	  mL)	  using	  a	  soxhlet	  apparatus	  over	  24	  h.	  	  The	  polymer	  was	  then	  dried	  in	  
a	  vacuum	  oven	  (40˚C,	  48h)	  to	  afford	  a	  fine,	  peach-­‐coloured	  solid	  (354	  mg,	  96%).	  
9.4.28	  	   Synthesis	  of	  poly(N,N'-­‐dimethyl-­‐1,3-­‐	   	   	  
	   	   bis(acrylamide)propane)	  using	  sodium	  acetate	  [pH	  
	   	   4.0]	  as	  solvent	  
In	   a	   Duran®	   soda	   glass	   vial	   fitted	   with	   rubber	   Suba-­‐Seal®,	  
N,N'-­‐dimethyl-­‐1,3-­‐bis(acrylamide)propane	   (0.915	  mmol,	   0.193	  g)	   was	   taken	   up	   in	  
500	  mM	  sodium	  acetate	  [pH	  4.0]	  (193	  µL)	  and	  the	  mixture	  sonicated	  and	  degassed	  
(N2	  needle	  to	  bottom	  of	  vial)	  for	  50	  min.	  	  ABCV	  (2	  mol%	  to	  all	  polymerisable	  bonds,	  
i)
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0.037	  mmol,	  0.010	  g)	  was	  added	  and	   the	  mixture	   further	  degassed	  with	  sonication	  
for	  23	  min.	  	  A	  screw-­‐cap	  lid	  was	  then	  fitted	  to	  the	  vial	  under	  a	  positive	  flow	  of	  N2	  and	  
the	   mixture	   heated	   at	   60 ˚ C	   for	   24	   h.	   	   The	   resulting	   polymer	   monolith,	   a	  
semi-­‐translucent	  off-­‐white	  solid,	  was	  dried	  to	  constant	  weight	  (vacuum	  oven,	  50˚C,	  
21	  h):	  197	  mg	  (102%).	  	  The	  monolith	  was	  then	  ground	  to	  a	  fine	  powder	  using	  a	  pestle	  
and	   mortar,	   and	   the	   polymer	   particles	   were	   washed	   with	   distilled	   H2O	   (approx.	  
100	  mL)	  using	  a	  soxhlet	  apparatus	  over	  6d.	  	  The	  polymer	  was	  then	  dried	  in	  a	  vacuum	  
oven	  (55˚C,	  48h)	  to	  afford	  a	  cream-­‐coloured	  solid	  (121	  mg,	  63%).	  
 
9.4.29	  Synthesis	  of	  Polymer	  FIP111(DMBAP,NaOAc)	  
	  
i) 500 mM sodium acetate [pH 4.0], 60°C, 25h; ii) wash with H2O, RT; iii) template removal 
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To	   a	   Duran®	   soda	   glass	   vial	   fitted	   with	   rubber	   Suba-­‐Seal®	   was	   added	  
dipotassium	  2-­‐methoxy-­‐4-­‐vinyl	   iminodiacetate	   (1.0	  eq,	   0.0141	  g,	   0.0350	  mmol),	  
500	  mM	   sodium	  acetate	   [pH	  4.0]	   (1.75	  mL),	  Ga(III)Cl3(aq)	   [0.852	  M	   stock	   solution	   -­‐	  
see	   Section	   9.4.23]	   (1.0	  eq,	   0.035	  mmol,	   41	  µL)	   and	   disodium	   inosine	  
monophosphate	  (0.0450	  mmol,	  0.0196	  g).	  	  The	  clear	  yellow	  solution	  was	  then	  added	  
to	   N,N'-­‐dimethyl-­‐1,3-­‐bis(acrylamide)propane	   (240	  eq,	   8.32	  mmol,	   1.75	  g),	   and	   the	  
mixture	   sonicated	   and	   degassed	   (N2	   needle	   to	   bottom	   of	   vial)	   for	   40	  min.	   	   ABCV	  
(2	  mol%	  to	  all	  polymerisable	  bonds,	  0.330	  mmol,	  0.0930	  g)	  was	  then	  added,	  and	  the	  
mixture	   further	   degassed	   for	   25	  min.	   	   A	   screw-­‐cap	   lid	   was	   then	   fitted	   to	   the	   vial	  
under	   a	   positive	   flow	   of	   N2	   and	   the	   vial	   heated	   at	   60˚C	   for	   24	  h.	   	   The	   polymer	  
monolith	  was	   then	   dried	   to	   constant	  weight	   in	   a	   vacuum	  oven	   (60˚C),	   affording	   a	  
shiny,	   peach-­‐coloured	   solid	   (1.973	   g).	   	   This	   was	   ground	   to	   a	   free-­‐flowing	   powder	  
(1.831	  g)	  using	  a	  pestle	  and	  mortar	  (for	  yield,	  see	  discussion	  in	  Section	  5.6.1).	  
Wash	  1	  
The	   polymer	   was	   suspended	   in	   H2O	   (30	  mL)	   and	   gently	   agitated	   at	   RT	   using	   a	  
mechanical	  rocker	  for	  44	  h.	  	  It	  was	  isolated	  via	  vacuum	  filtration	  and	  washed	  through	  
with	   H2O	   (3	   ×	   30	  mL);	   the	   filtrate	   was	   lyophilised	   to	   a	   cream-­‐coloured	   residue	  
(90	  mg).	  	  Amount	  of	  template	  present	  in	  filtrate	  was	  calculated	  as	  follows:	  ∼40	  wt%	  
tetrabutylphosphonium.hydroxide	   (aq)	   (10	  µL,	   7.3	  µmol)	   was	   added	   to	   the	   NMR	  
tube	   as	   internal	   standard	   (δP	   =	   34.34	  ppm	   and	   38.13	  ppm)	   and	   the	   sample	   was	  
submitted	   for	   31P	  NMR	  with	   a	  pulse	   interval	   of	   15	   seconds	   to	   eliminate	   relaxation	  
effects	  (Table	  9-­‐4).	  	  A	  reference	  sample	  containing	  disodium	  inosine	  monophosphate	  
(0.0176	  g,	  0.031	  mmol)	  and	  ∼40	  wt%	  tetrabutylphosphonium	  hydroxide	  (aq)	  (10	  µL,	  
0.015	  mmol)	   in	   D2O	   yielded	   a	   31P	   NMR	   spectrum	   where	   the	   disodium	   inosine	  
monophosphate	  signal	  and	   the	  collective	   tetrabutylphosphonium	  hydroxide	  signals	  
respectively	  integrated	  in	  the	  ratio	  2.53	  :	  1.00.	  
Wash	  2	  
The	  polymer	  was	  resuspended	  in	  H2O	  (30	  mL)	  and	  gently	  agitated	  as	  before	  for	  25	  h.	  	  
It	  was	  then	  isolated	  via	  vacuum	  filtration	  and	  washed	  through	  with	  H2O	  (2	  ×	  30	  mL)	  
and	   the	   filtrate	   lyophilised	   to	   a	   white	   solid	   (30	  mg).	   	   This	   was	   analysed	   by	  
quantitative	  31P	  NMR	  spectroscopy	  (Table	  9-­‐4).	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Template	  Removal	  Step	  1	  
The	   polymer	  was	   suspended	   in	  NH3	  (aq)	   [pH	  11.6]	   (30	  mL	   -­‐	   see	  Section	   9.3.4)	   and	  
gently	  agitated	  as	  before	  for	  70	  h.	  	  It	  was	  isolated	  via	  vacuum	  filtration	  and	  washed	  
through	   with	   NH3(aq)	   (3	   ×	   30	  mL).	   	   The	   filtrate	   was	   concentrated	   in	   vacuo	   to	   an	  
opaque	   white	   solid	   (100	  mg)	   and	   then	   analysed	   by	   quantitative	   31P	   NMR	  
spectroscopy	  (Table	  9-­‐4).	  	  In	  addition,	  a	  small	  amount	  of	  the	  filtrate	  was	  added	  to	  a	  
solution	  of	  Xylenol	  Orange,	  and	  a	  colour	  change	  orange	  to	  pink	  was	  taken	  to	  indicate	  
that	  some	  Ga(III)	  was	  present	  in	  the	  filtrate.	  
Template	  Removal	  Step	  2	  
The	  polymer	  was	  resuspended	  in	  NH3(aq)	  (30	  mL)	  and	  gently	  agitated	  as	  before	  for	  
23	  h.	  	  The	  polymer	  was	  then	  isolated	  via	  vacuum	  filtration	  and	  washed	  through	  with	  
NH3(aq)	  (30	  mL)	  and	  distilled	  H2O	  (30	  mL).	  	  The	  filtrate	  was	  concentrated	  in	  vacuo	  to	  
a	  white	  film	  (20	  mg)	  and	  then	  analysed	  by	  quantitative	  31P	  NMR	  spectroscopy	  (Table	  
9-­‐4).	  	  	  
Metal	  Re-­‐loading	  Step	  
The	  polymer	  was	   suspended	   in	   500	  mM	  sodium	  acetate	   [pH	  4.0]	   (20	  mL)	   to	  which	  
Ga(III)Cl3(aq)	  [0.852	  M	  stock	  solution	  -­‐	  see	  Section	  9.4.23]	  (100	  µL)	  had	  been	  added,	  
and	  gently	  agitated	  as	  before	  for	  72	  h.	   	  The	  polymer	  was	  then	   isolated	  via	  vacuum	  
filtration	  and	  washed	   through	  with	  500	  mM	  sodium	  acetate	   [pH	  4.0]	   (30	  mL).	   	   The	  
polymer	  was	  then	  suspended	  in	  500	  mM	  sodium	  acetate	  [pH	  4.0]	  (4	  ×	  10	  mL),	  each	  
time	  manually	  shaking	  vigorously	  for	  1	  min	  and	  then	  centrifuging	  down	  and	  pipetting	  
off	   and	   disposing	   of	   the	   supernatant.	   	   Finally,	   the	   polymer	  was	   suspended	   in	  H2O	  
(10	  mL)	   and	   gently	   agitated	   using	   a	  mechanical	   rocker	   for	   68	  h.	   The	   polymer	   was	  
then	  isolated	  via	  vacuum	  filtration,	  washed	  through	  with	  H2O	  (150	  mL),	  and	  dried	  to	  
constant	  weight	  under	  vacuum	  (RT)	   in	   the	  presence	  of	  P2O5.	   	  This	  afforded	  a	   free-­‐
flowing	   fine	   peach-­‐coloured	   powder	   (1.745	  g).	   	   Estimated	   FIP	   binding	   site	   density	  
following	  wash,	  template-­‐removal	  and	  metal-­‐reloading	  steps	  =	  23.15	  nmol/	  mg	  (see	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Ratio	  TBPH	  :	  inosinic	  acid	  
signals	  
Calculated	  amount	  of	  template	  (µmol,	  
percentage	  recovery)	  
wash	  1	   1.00	  :	  0.15	   1.8,	  4.1%	  
wash	  2	   1.00	  :	  0.08	   1.0,	  2.2%	  
template	  removal	  step	  1	   1.00	  :	  3.21	   39.3,	  87.4%	  
template	  removal	  step	  2	   1.00	  :	  0.00	   0.00,	  0.0%	  
Table	   9-­‐4	   Synthesis	   of	   Polymer	   FIP111(DMBAP,NaOAc):	   Amount	   of	   template	   in	   each	   fraction,	  




9.4.30	  Synthesis	  of	  Polymer	  FIP211(DMBAP,H2O)	  
i) HCl/KOH/H2O [pH 4.0], 60°C, 25h; ii) wash with H2O, RT; iii) template removal via 
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To	   a	   Duran®	   soda	   glass	   vial	   fitted	   with	   rubber	   Suba-­‐Seal®	   was	   added	  
dipotassium	  2-­‐methoxy-­‐4-­‐vinyl	   iminodiacetate	   (2.0	  eq,	   0.0200	  g,	   0.0500	  mmol),	  
HPLC-­‐grade	  H2O	  (1.00	  mL),	  Ga(III)Cl3(aq)	  [0.852	  M	  stock	  solution	  -­‐	  see	  Section	  9.4.23]	  
(1.0	  eq,	  0.0250	  mmol,	  29.2	  µL)	  and	  disodium	  inosine	  monophosphate	  (0.0250	  mmol,	  
0.0140	  g).	   	  The	  solution	  pH	  was	  titrated	  from	  approx.	  pH	  6	  to	  pH	  4.0	  using	  1M	  KOH	  
(20	  µL)	  and	  1M	  HCl	   (60	  µL).	   	  The	  volume	  of	   the	  resulting	  clear	  yellow	  solution	  was	  
increased	  to	  1.26	  mL	  using	  HPLC-­‐grade	  H2O	  (180	  µL).	   	  The	  solution	  was	  then	  added	  
to	  N,N'-­‐dimethyl-­‐1,3-­‐bis(acrylamide)propane	  (240.0	  eq,	  5.99	  mmol,	  1.26	  g),	  and	  the	  
mixture	  sonicated	  and	  degassed	  (N2	  needle	  to	  bottom	  of	  vial)	  for	  1h.	  	  ABCV	  (2	  mol%	  
to	  all	  polymerisable	  bonds,	  0.240	  mmol,	  0.0670	  g)	  was	  then	  added,	  and	  the	  mixture	  
further	  degassed	  for	  20	  min,	  until	  polymerisation	  had	  obviated	  further	  degassing.	  	  A	  
screw-­‐cap	   lid	   was	   then	   fitted	   to	   the	   vial	   under	   a	   positive	   flow	   of	   N2	   and	   the	   vial	  
heated	  at	  60˚C	  for	  24	  h.	  	  The	  polymer	  monolith	  was	  then	  dried	  to	  constant	  weight	  in	  
a	   vacuum	  oven	   (60˚C),	   affording	  a	   shiny,	   peach-­‐coloured	   solid	   (1.381	  g).	   	   This	  was	  
ground	  to	  a	  free-­‐flowing	  powder	  (1.325	  g)	  using	  a	  pestle	  and	  mortar	  (for	  yield,	  see	  
discussion	  in	  Section	  5.6.1).	  
Wash	  1	  
The	   polymer	   was	   suspended	   in	   H2O	   (30	  mL)	   and	   gently	   agitated	   at	   RT	   using	   a	  
mechanical	   rocker	   for	   23h.	   	   It	  was	   then	   isolated	   via	   vacuum	   filtration	   and	  washed	  
through	  with	  H2O	   (3	  ×	   30	  mL),	   and	   the	   filtrate	   lyophilised	   to	   a	  white	   film	   (89	  mg).	  	  
Amount	   of	   template	   present	   in	   filtrate	   was	   calculated	   as	   follows:	   ∼40	  wt%	  
tetrabutylphosphonium.hydroxide	   (aq)	   (10	  µL,	   7.3	  µmol)	   was	   added	   to	   the	   NMR	  
tube	   as	   internal	   standard	   (δP	   =	   34.34	  ppm	   and	   38.13	  ppm)	   and	   the	   sample	   was	  
submitted	   for	   31P	  NMR	  with	   a	  pulse	   interval	   of	   15	   seconds	   to	   eliminate	   relaxation	  
effects	  (Table	  9-­‐5).	  	  A	  reference	  sample	  containing	  disodium	  inosine	  monophosphate	  
(0.0176	  g,	  0.031	  mmol)	  and	  ∼40	  wt%	  tetrabutylphosphonium	  hydroxide	  (aq)	  (10	  µL,	  
0.015	  mmol)	   in	   D2O	   yielded	   a	   31P	   NMR	   spectrum	   where	   the	   disodium	   inosine	  
monophosphate	  signal	  and	   the	  collective	   tetrabutylphosphonium	  hydroxide	  signals	  
respectively	  integrated	  in	  the	  ratio	  2.53	  :	  1.00.	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The	  polymer	  was	  resuspended	  in	  H2O	  (30	  mL)	  and	  gently	  agitated	  as	  before	  for	  24h.	  	  
It	  was	  then	  isolated	  via	  vacuum	  filtration	  and	  washed	  through	  with	  H2O	  (2	  ×	  30	  mL)	  
and	   the	   filtrate	   lyophilised	   to	   a	   white	   solid	   (12	  mg).	   	   This	   was	   analysed	   by	  
quantitative	  31P	  NMR	  spectroscopy	  	  (Table	  9-­‐5).	  
Template	  Removal	  Step	  1	  
The	   polymer	  was	   suspended	   in	   NH3(aq)	   [pH	  11.6]	   (30	  mL	   -­‐	   see	   Section	   9.3.4)	   and	  
gently	   agitated	   as	   before	   for	   70	  h.	   	   It	   was	   then	   isolated	   via	   vacuum	   filtration	   and	  
washed	  through	  with	  NH3(aq)	  (3	  ×	  30	  mL).	  	  The	  filtrate	  was	  concentrated	  in	  vacuo	  to	  
an	  opaque	  white	  solid	  (215	  mg)	  and	  then	  analysed	  by	  quantitative	  31P	  NMR	  	  (Table	  
9-­‐5).	   	   In	  addition,	  a	  small	  amount	  of	  the	  filtrate	  was	  added	  to	  a	  solution	  of	  xylenol	  
orange,	  and	  a	  colour	  change	  orange	  to	  pink	  was	  taken	  to	  indicate	  that	  some	  Ga(III)	  
was	  present	  in	  the	  filtrate.	  
Template	  Removal	  Step	  2	  
The	  polymer	  was	  resuspended	  in	  NH3(aq)	  (30	  mL)	  and	  gently	  agitated	  as	  before	  for	  
22	  h.	  	  The	  polymer	  was	  then	  isolated	  via	  vacuum	  filtration	  and	  washed	  through	  with	  
NH3(aq)	  (30	  mL)	  and	  distilled	  H2O	  (30	  mL).	  	  The	  filtrate	  was	  concentrated	  in	  vacuo	  to	  
a	   white	   film	   (105	  mg)	   and	   then	   analysed	   by	   quantitative	   31P	   NMR	   spectroscopy	  
(Table	  9-­‐5).	  	  	  
Metal	  Re-­‐loading	  Step	  
The	  polymer	  was	   suspended	   in	   500	  mM	  sodium	  acetate	   [pH	  4.0]	   (20	  mL)	   to	  which	  
Ga(III)Cl3(aq)	  [0.852	  M	  stock	  solution	  -­‐	  see	  Section	  9.4.23]	  (100	  µL)	  had	  been	  added,	  
and	  gently	  agitated	  as	  before	  for	  72	  h.	   	  The	  polymer	  was	  then	   isolated	  via	  vacuum	  
filtration	  and	  washed	   through	  with	  500	  mM	  sodium	  acetate	   [pH	  4.0]	   (30	  mL).	   	   The	  
polymer	  was	  then	  suspended	  in	  500	  mM	  sodium	  acetate	  [pH	  4.0]	  (4	  ×	  10	  mL),	  each	  
time	  manually	  shaking	  vigorously	  for	  1	  min	  and	  then	  centrifuging	  down	  and	  pipetting	  
off	   and	   disposing	   of	   the	   supernatant.	   	   Finally,	   the	   polymer	  was	   suspended	   in	  H2O	  
(10	  mL)	   and	   gently	   agitated	   using	   a	  mechanical	   rocker	   for	   68	  h.	   The	   polymer	   was	  
then	  isolated	  via	  vacuum	  filtration,	  washed	  through	  with	  H2O	  (150	  mL),	  and	  dried	  to	  
constant	  weight	  under	  vacuum	  (RT)	   in	   the	  presence	  of	  P2O5.	   	  This	  afforded	  a	   free-­‐
flowing	   fine	   peach-­‐coloured	   powder	   (1.082	  g).	   	   Estimated	   FIP	   binding	   site	   density	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following	  wash,	  template-­‐removal	  and	  metal-­‐reloading	  steps	  =	  18.32	  nmol/	  mg	  (see	  
calculation	  in	  Section	  5.6.1).	  
	  
Fraction	  
Ratio	  TBPH	  :	  inosinic	  acid	  
signals	  
Calculated	  amount	  of	  template	  (µmol,	  
percentage	  recovery)	  
wash	  1	   1.00	  :	  0.04	   0.5,	  2.1%	  
wash	  2	   1.00	  :	  0.01	   0.1,	  0.5%	  
template	  removal	  step	  1	   1.00	  :	  1.92	   23.5,	  94.1%	  
template	  removal	  step	  2	   1.00	  :	  0.00	   0.0,	  0.0%	  
Table	  9-­‐5	  Synthesis	  of	  Polymer	  FIP211(DMBAP,H2O):	  Amount	  of	  template	  in	  each	  fraction,	  calculated	  
via	  quantitative	  31P	  NMR	  spectroscopy	  
9.4.31	  Synthesis	  of	  Polymer	  NIP210(DMBAP,H2O)	  
	  
i) HCl/KOH/H2O [pH 4.0], 60°C, 25h; ii) wash with H2O, RT; iii) NH3(aq), RT; iv) 
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To	   a	   Duran®	   soda	   glass	   vial	   fitted	   with	   rubber	   Suba-­‐Seal®	   was	   added	  
dipotassium	  2-­‐methoxy-­‐4-­‐vinyl	   iminodiacetate	   (2.0	  eq,	   0.0200	  g,	   0.0500	  mmol),	  
HPLC-­‐grade	   H2O	   (1.00	  mL)	   and	   Ga(III)Cl3(aq)	   [0.852	  M	   stock	   solution	   -­‐	   see	   Section	  
9.4.23]	   (1.0	  eq,	  0.0250	  mmol,	   29.2	  µL).	   	   The	   solution	  pH	  was	   titrated	   from	  approx.	  
pH	  5	   to	   pH	  4.0	   using	   1M	  KOH	   (50	  µL)	   and	   1M	   HCl	   (65	  µL).	   	   The	   volume	   of	   the	  
resulting	   clear	   yellow	   solution	   was	   increased	   to	   1.26	  mL	   using	   HPLC-­‐grade	   H2O	  
(145	  µL).	  	  The	  solution	  was	  then	  added	  to	  N,N'-­‐dimethyl-­‐1,3-­‐bis(acrylamide)propane	  
(240.0	  eq,	  5.99	  mmol,	  1.26	  g),	  and	  the	  mixture	  sonicated	  and	  degassed	  (N2	  needle	  to	  
bottom	   of	   vial)	   for	   1h.	   	   ABCV	   (2	  mol%	   to	   all	   polymerisable	   bonds,	   0.240	  mmol,	  
0.0670	  g)	   was	   then	   added,	   and	   the	   mixture	   further	   degassed	   for	   25	  min,	   until	  
polymerisation	  had	  obviated	   further	  degassing.	   	  A	   screw-­‐cap	   lid	  was	   then	   fitted	   to	  
the	  vial	  under	  a	  positive	  flow	  of	  N2	  and	  the	  vial	  heated	  at	  60˚C	  for	  24	  h.	  	  The	  polymer	  
monolith	  was	   then	   dried	   to	   constant	  weight	   in	   a	   vacuum	  oven	   (60˚C),	   affording	   a	  
shiny,	   peach-­‐coloured	   solid	   (1.365	   g).	   	   This	   was	   ground	   to	   a	   free-­‐flowing	   powder	  
(1.297	  g)	  using	  a	  pestle	  and	  mortar	  (for	  yield,	  see	  discussion	  in	  Section	  5.6.1).	  
Wash	  1	  
The	   polymer	   was	   suspended	   in	   H2O	   (30	  mL)	   and	   gently	   agitated	   at	   RT	   using	   a	  
mechanical	   rocker	   for	   23h.	   	   It	  was	   then	   isolated	   via	   vacuum	   filtration	   and	  washed	  
through	   with	   H2O	   (3	   ×	   30	  mL),	   and	   the	   filtrate	   lyophilised	   to	   a	   cream-­‐coloured	  
residue	  (70	  mg).	  
Wash	  2	  
The	  polymer	  was	  resuspended	  in	  H2O	  (30	  mL)	  and	  gently	  agitated	  as	  before	  for	  24h.	  	  
It	  was	  then	  isolated	  via	  vacuum	  filtration	  and	  washed	  through	  with	  H2O	  (2	  ×	  30	  mL)	  
and	  the	  filtrate	  lyophilised	  to	  a	  white	  solid	  (14	  mg).	  
Template	  Removal	  Step	  1	  (in	  parallel	  with	  corresponding	  imprinted	  polymer)	  
The	   polymer	  was	   suspended	   in	   NH3(aq)	   [pH	  11.6]	   (30	  mL	   -­‐	   see	   Section	   9.3.4)	   and	  
gently	   agitated	   as	   before	   for	   70	  h.	   	   It	   was	   then	   isolated	   via	   vacuum	   filtration	   and	  
washed	  through	  with	  NH3(aq)	  (3	  ×	  30	  mL).	  	  The	  filtrate	  was	  concentrated	  in	  vacuo	  to	  
an	  opaque	  white	  solid	  (6	  mg).	  	  A	  small	  amount	  of	  the	  filtrate	  was	  added	  to	  a	  solution	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of	   Xylenol	  Orange,	   and	  a	   colour	   change	  orange	   to	  pink	  was	   taken	   to	   indicate	   that	  
some	  Ga(III)	  was	  present	  in	  the	  filtrate.	  
Template	  Removal	  Step	  2	  (in	  parallel	  with	  corresponding	  imprinted	  polymer)	  
The	  polymer	  was	  resuspended	  in	  NH3(aq)	  (30	  mL)	  and	  gently	  agitated	  as	  before	  for	  
22	  h.	  	  The	  polymer	  was	  then	  isolated	  via	  vacuum	  filtration	  and	  washed	  through	  with	  
NH3(aq)	  (30	  mL)	  and	  distilled	  H2O	  (30	  mL).	  	  The	  filtrate	  was	  concentrated	  in	  vacuo	  to	  
a	  white	  film	  (20	  mg).	  	  	  
Metal	  Re-­‐loading	  Step	  
The	  polymer	  was	   suspended	   in	   500	  mM	  sodium	  acetate	   [pH	  4.0]	   (20	  mL)	   to	  which	  
Ga(III)Cl3(aq)	  [0.852	  M	  stock	  solution	  -­‐	  see	  Section	  9.4.23]	  (100	  µL)	  had	  been	  added,	  
and	  gently	  agitated	  as	  before	  for	  72	  h.	   	  The	  polymer	  was	  then	   isolated	  via	  vacuum	  
filtration	  and	  washed	   through	  with	  500	  mM	  sodium	  acetate	   [pH	  4.0]	   (30	  mL).	   	   The	  
polymer	  was	  then	  suspended	  in	  500	  mM	  sodium	  acetate	  [pH	  4.0]	  (4	  ×	  10	  mL),	  each	  
time	  manually	  shaking	  vigorously	  for	  1	  min	  and	  then	  centrifuging	  down	  and	  pipetting	  
off	   and	   disposing	   of	   the	   supernatant.	   	   Finally,	   the	   polymer	  was	   suspended	   in	  H2O	  
(10	  mL)	   and	   gently	   agitated	   using	   a	  mechanical	   rocker	   for	   68	  h.	   The	   polymer	   was	  
then	  isolated	  via	  vacuum	  filtration,	  washed	  through	  with	  H2O	  (150	  mL),	  and	  dried	  to	  
constant	  weight	  under	  vacuum	  (RT)	   in	   the	  presence	  of	  P2O5.	   	  This	  afforded	  a	   free-­‐
flowing	  fine	  peach-­‐coloured	  powder	  (1.081	  g).	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  9.4.32	  Synthesis	  of	  Polymer	  NIP110(DMBAP,NaOAc)	  
	  
To	   a	   Duran®	   soda	   glass	   vial	   fitted	   with	   rubber	   Suba-­‐Seal®	   was	   added	  
dipotassium	  2-­‐methoxy-­‐4-­‐vinyl	   iminodiacetate	   (1.0	  eq,	   0.0141	  g,	   0.0350	  mmol),	  
500	  mM	  sodium	  acetate	  [pH	  4.0]	  (1.75	  mL)	  and	  Ga(III)Cl3(aq)	  [0.852	  M	  stock	  solution	  
-­‐	  see	  Section	  9.4.23]	  (1.0	  eq,	  0.0350	  mmol,	  41.1	  µL).	   	  The	  clear	  yellow	  solution	  was	  
then	   added	   to	   N,N'-­‐dimethyl-­‐1,3-­‐bis(acrylamide)propane	   (240.0	  eq,	   8.32	  mmol,	  
1.75	  g),	   and	   the	  mixture	   sonicated	   and	  degassed	   (N2	   needle	   to	  bottom	  of	   vial)	   for	  
16	  min.	  	  ABCV	  (2	  mol%	  in	  respect	  to	  all	  polymerisable	  bonds,	  0.330	  mmol,	  0.0930	  g)	  
was	  then	  added,	  and	  the	  mixture	  further	  degassed	  for	  30	  min,	  until	  polymerisation	  
obviated	   further	   degassing.	   	   A	   screw-­‐cap	   lid	   was	   then	   fitted	   to	   the	   vial	   under	   a	  
positive	  flow	  of	  N2	  and	  the	  vial	  heated	  at	  60˚C	  for	  24	  h.	  	  The	  polymer	  monolith	  was	  
then	   dried	   to	   constant	   weight	   in	   a	   vacuum	   oven	   (60 ˚ C),	   affording	   a	   shiny,	  
i) 500 mM sodium acetate [pH 4.0], 60°C, 25h; ii) wash with H2O, RT; iii) NH3(aq), RT; iv) 
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peach-­‐coloured	  solid	  (1.944	  g).	   	  This	  was	  ground	  to	  a	  free-­‐flowing	  powder	  (1.878	  g)	  
using	  a	  pestle	  and	  mortar	  (for	  yield,	  see	  discussion	  in	  Section	  5.6.1).	  
Wash	  1	  
The	   polymer	   was	   suspended	   in	   H2O	   (30	  mL)	   and	   gently	   agitated	   at	   RT	   using	   a	  
mechanical	   rocker	   for	  44	  h.	   	   It	  was	   then	   isolated	  via	  vacuum	  filtration	  and	  washed	  
through	   with	   H2O	   (3	   ×	   30	  mL),	   and	   the	   filtrate	   lyophilised	   to	   a	   cream-­‐coloured	  
residue	  (66	  mg).	  
	  Wash	  2	  
The	  polymer	  was	  resuspended	  in	  H2O	  (30	  mL)	  and	  gently	  agitated	  as	  before	  for	  25	  h.	  	  
It	  was	  then	  isolated	  via	  vacuum	  filtration	  and	  washed	  through	  with	  H2O	  (2	  ×	  30	  mL)	  
and	  the	  filtrate	  lyophilised	  to	  a	  white	  solid	  (15	  mg).	  
Template	  Removal	  Step	  1	  (in	  parallel	  with	  corresponding	  imprinted	  polymer)	  
The	   polymer	  was	   suspended	   in	   NH3(aq)	   [pH	  11.6]	   (30	  mL	   -­‐	   see	   Section	   9.3.4)	   and	  
gently	   agitated	   as	   before	   for	   70	  h.	   	   It	   was	   then	   isolated	   via	   vacuum	   filtration	   and	  
washed	  through	  with	  NH3(aq)	  (3	  ×	  30	  mL).	  	  The	  filtrate	  was	  concentrated	  in	  vacuo	  to	  
an	  opaque	  white	  solid	  (8	  mg).	  	  A	  small	  amount	  of	  the	  filtrate	  was	  added	  to	  a	  solution	  
of	   Xylenol	  Orange,	   and	  a	   colour	   change	  orange	   to	  pink	  was	   taken	   to	   indicate	   that	  
some	  Ga(III)	  was	  present	  in	  the	  filtrate.	  
Template	  Removal	  Step	  2	  (in	  parallel	  with	  corresponding	  imprinted	  polymer)	  
The	  polymer	  was	  resuspended	  in	  NH3(aq)	  (30	  mL)	  and	  gently	  agitated	  as	  before	  for	  
23	  h.	  	  The	  polymer	  was	  then	  isolated	  via	  vacuum	  filtration	  and	  washed	  through	  with	  
NH3(aq)	  (30	  mL)	  and	  distilled	  H2O	  (30	  mL).	  	  The	  filtrate	  was	  concentrated	  in	  vacuo	  to	  
a	  white	  film	  (8	  mg).	  	  	  
Metal	  Re-­‐loading	  Step	  
The	  polymer	  was	   suspended	   in	   500	  mM	  sodium	  acetate	   [pH	  4.0]	   (20	  mL)	   to	  which	  
Ga(III)Cl3(aq)	  [0.852	  M	  stock	  solution	  -­‐	  see	  Section	  9.4.23]	  (100	  µL)	  had	  been	  added,	  
and	  gently	  agitated	  as	  before	  for	  72	  h.	   	  The	  polymer	  was	  then	   isolated	  via	  vacuum	  
filtration	  and	  washed	   through	  with	  500	  mM	  sodium	  acetate	   [pH	  4.0]	   (30	  mL).	   	   The	  
polymer	  was	  then	  suspended	  in	  500	  mM	  sodium	  acetate	  [pH	  4.0]	  (4	  ×	  10	  mL),	  each	  
time	  manually	  shaking	  vigorously	  for	  1	  min	  and	  then	  centrifuging	  down	  and	  pipetting	  
off	   and	   disposing	   of	   the	   supernatant.	   	   Finally,	   the	   polymer	  was	   suspended	   in	  H2O	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(10	  mL)	   and	   gently	   agitated	   using	   a	  mechanical	   rocker	   for	   68	  h.	   The	   polymer	   was	  
then	  isolated	  via	  vacuum	  filtration,	  washed	  through	  with	  H2O	  (150	  mL),	  and	  dried	  to	  
constant	  weight	  under	  vacuum	  (RT)	   in	   the	  presence	  of	  P2O5.	   	  This	  afforded	  a	   free-­‐
flowing	  fine	  peach-­‐coloured	  powder	  (1.677	  g).	  
9.4.33	  Synthesis	  of	  Polymer	  FIP211(DMBAP,NaOAc)	  
	  
To	   a	   Duran®	   soda	   glass	   vial	   fitted	   with	   rubber	   Suba-­‐Seal®	   was	   added	  
dipotassium	  2-­‐methoxy-­‐4-­‐vinyl	   iminodiacetate	   (2.0	  eq,	   0.0263	  g,	   0.0650	  mmol),	  
500	  mM	   sodium	  acetate	   [pH	  4.0]	   (1.64	  mL),	  Ga(III)Cl3(aq)	   [0.852	  M	   stock	   solution	   -­‐	  
see	   Section	   9.4.23]	   (1.0	  eq,	   0.0330	  mmol,	   38.2	  µL)	   and	   disodium	   inosine	  
monophosphate	  (0.0330	  mmol,	  0.0183	  g).	  	  The	  clear	  yellow	  solution	  was	  then	  added	  
to	   N,N'-­‐dimethyl-­‐1,3-­‐bis(acrylamide)propane	   (240	  eq,	   7.80	  mmol,	   1.64	  g),	   and	   the	  
i) 500 mM sodium acetate [pH 4.0], 60°C, 25h; ii) wash with H2O, RT; iii) template removal 
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mixture	   sonicated	   and	   degassed	   (N2	   needle	   to	   bottom	   of	   vial)	   for	   44	  min.	   	   ABCV	  
(2	  mol%	  to	  all	  polymerisable	  bonds,	  0.320	  mmol,	  0.0880	  g)	  was	  then	  added,	  and	  the	  
mixture	   further	   degassed	   for	   30	  min.	   	   A	   screw-­‐cap	   lid	   was	   then	   fitted	   to	   the	   vial	  
under	   a	   positive	   flow	   of	   N2	   and	   the	   vial	   heated	   at	   60˚C	   for	   24	  h.	   	   The	   polymer	  
monolith	  was	   then	   dried	   to	   constant	  weight	   in	   a	   vacuum	  oven	   (60˚C),	   affording	   a	  
shiny,	   peach-­‐coloured	   solid	   (1.841	   g).	   	   This	   was	   ground	   to	   a	   free-­‐flowing	   powder	  
(1.824	  g)	  using	  a	  pestle	  and	  mortar	  (for	  yield,	  see	  discussion	  in	  Section	  5.6.1).	  
Wash	  1	  
The	   polymer	   was	   suspended	   in	   H2O	   (30	  mL)	   and	   gently	   agitated	   at	   RT	   using	   a	  
mechanical	   rocker	   for	  44	  h.	   	   It	  was	   then	   isolated	  via	  vacuum	  filtration	  and	  washed	  
through	  with	  H2O	  (3	  ×	  30	  mL),	  and	  the	  filtrate	   lyophilised	  to	  a	  cream-­‐coloured	  film	  
(100	  mg).	  	  Amount	  of	  template	  present	  in	  filtrate	  was	  calculated	  as	  follows:	  ∼40	  wt%	  
tetrabutylphosphonium	   hydroxide	   (aq)	   (10	  µL,	   7.3	  µmol)	   was	   added	   to	   the	   NMR	  
tube	   as	   internal	   standard	   (δP	   =	   34.34	  ppm	   and	   38.13	  ppm)	   and	   the	   sample	   was	  
submitted	   for	   31P	   NMR	   with	   with	   a	   pulse	   interval	   of	   15	   seconds	   to	   eliminate	  
relaxation	   effects	   (Table	   9-­‐6).	   	   A	   reference	   sample	   containing	   disodium	   inosine	  
monophosphate	   (0.0176	  g,	   0.0310	  mmol)	   and	   ∼40	  wt%	   tetrabutylphosphonium	  
hydroxide	   (aq)	   (10	  µL,	  0.015	  mmol)	   in	  D2O	  yielded	  a	   31P	  NMR	  spectrum	  where	   the	  
disodium	   inosine	  monophosphate	   signal	   and	   the	   collective	   tetrabutylphosphonium	  
hydroxide	  signals	  respectively	  integrated	  in	  the	  ratio	  2.53	  :	  1.00.	  
Wash	  2	  
The	  polymer	  was	  resuspended	  in	  H2O	  (30	  mL)	  and	  gently	  agitated	  as	  before	  for	  25	  h.	  	  
It	  was	  then	  isolated	  via	  vacuum	  filtration	  and	  washed	  through	  with	  H2O	  (2	  ×	  30	  mL)	  
and	   the	   filtrate	   lyophilised	   to	   a	   white	   solid	   (22	  mg).	   	   This	   was	   analysed	   by	  
quantitative	  31P	  NMR	  spectroscopy	  (Table	  9-­‐6).	  
Template	  Removal	  Step	  1	  
The	   polymer	  was	   suspended	   in	   NH3(aq)	   [pH	  11.6]	   (30	  mL	   -­‐	   see	   Section	   9.3.4)	   and	  
gently	   agitated	   as	   before	   for	   70	  h.	   	   It	   was	   then	   isolated	   via	   vacuum	   filtration	   and	  
washed	  through	  with	  NH3(aq)	  (3	  ×	  30	  mL).	  	  The	  filtrate	  was	  concentrated	  in	  vacuo	  to	  
an	   opaque	   white	   solid	   (189	  mg)	   and	   then	   analysed	   by	   quantitative	   31P	   NMR	  
spectroscopy	  (Table	  9-­‐6).	  	  In	  addition,	  a	  small	  amount	  of	  the	  filtrate	  was	  added	  to	  a	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solution	  of	  Xylenol	  Orange,	  and	  a	  colour	  change	  orange	  to	  pink	  was	  taken	  to	  indicate	  
that	  some	  Ga(III)	  was	  present	  in	  the	  filtrate.	  
Template	  Removal	  Step	  2	  
The	  polymer	  was	  resuspended	  in	  NH3(aq)	  (30	  mL)	  and	  gently	  agitated	  as	  before	  for	  
23	  h.	  	  The	  polymer	  was	  then	  isolated	  via	  vacuum	  filtration	  and	  washed	  through	  with	  
NH3(aq)	  (30	  mL)	  and	  distilled	  H2O	  (30	  mL).	  	  The	  filtrate	  was	  concentrated	  in	  vacuo	  to	  
a	  white	  film	  (14	  mg)	  and	  then	  analysed	  by	  quantitative	  31P	  NMR	  spectroscopy	  (Table	  
9-­‐6).	  	  	  
Metal	  Re-­‐loading	  Step	  
The	  polymer	  was	   suspended	   in	   500	  mM	  sodium	  acetate	   [pH	  4.0]	   (20	  mL)	   to	  which	  
Ga(III)Cl3(aq)	  [0.852	  M	  stock	  solution	  -­‐	  see	  Section	  9.4.23]	  (100	  µL)	  had	  been	  added,	  
and	  gently	  agitated	  as	  before	  for	  72	  h.	   	  The	  polymer	  was	  then	   isolated	  via	  vacuum	  
filtration	  and	  washed	   through	  with	  500	  mM	  sodium	  acetate	   [pH	  4.0]	   (30	  mL).	   	   The	  
polymer	  was	  then	  suspended	  in	  500	  mM	  sodium	  acetate	  [pH	  4.0]	  (4	  ×	  10	  mL),	  each	  
time	  manually	  shaking	  vigorously	  for	  1	  min	  and	  then	  centrifuging	  down	  and	  pipetting	  
off	   and	   disposing	   of	   the	   supernatant.	   	   Finally,	   the	   polymer	  was	   suspended	   in	  H2O	  
(10	  mL)	   and	   gently	   agitated	   using	   a	  mechanical	   rocker	   for	   68	  h.	   The	   polymer	   was	  
then	  isolated	  via	  vacuum	  filtration,	  washed	  through	  with	  H2O	  (150	  mL),	  and	  dried	  to	  
constant	  weight	  under	  vacuum	  (RT)	   in	   the	  presence	  of	  P2O5.	   	  This	  afforded	  a	   free-­‐
flowing	   fine	   peach-­‐coloured	   powder	   (1.755	  g).	   	   Estimated	   FIP	   binding	   site	   density	  
following	  wash,	  template-­‐removal	  and	  metal-­‐reloading	  steps	  =	  18.16	  nmol/	  mg	  (see	  
calculation	  in	  Section	  5.6.1).	  
	  
Fraction	  
Ratio	  TBPH	  :	  inosinic	  acid	  
signals	  
Calculated	  amount	  of	  template	  (µmol,	  
percentage	  recovery)	  
wash	  1	   1.00	  :	  0.09	   1.1,	  3.3%	  
wash	  2	   1.00	  :	  0.03	   0.4,	  1.1%	  
template	  removal	  step	  1	   1.00	  :	  2.43	   29.8,	  90.2%	  
template	  removal	  step	  2	   1.00	  :	  0.00	   0.00,	  0.0%	  
Table	   9-­‐6	   Synthesis	   of	   Polymer	   FIP211(DMBAP,NaOAc):	   Amount	   of	   template	   in	   each	   fraction,	  
calculated	  via	  quantitative	  31P	  NMR	  spectroscopy	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  9.4.34	  Synthesis	  of	  Polymer	  NIP210(DMBAP,NaOAc)	  
	  
To	   a	   Duran®	   soda	   glass	   vial	   fitted	   with	   rubber	   Suba-­‐Seal®	   was	   added	  
dipotassium	  2-­‐methoxy-­‐4-­‐vinyl	   iminodiacetate	   (2.0	  eq,	   0.0263	  g,	   0.0650	  mmol),	  
500	  mM	  sodium	  acetate	  [pH	  4.0]	  (1.64	  mL)	  and	  Ga(III)Cl3(aq)	  [0.852	  M	  stock	  solution	  
-­‐	  see	  Section	  9.4.23]	  (1.0	  eq,	  0.033	  mmol,	  38	  µL).	  	  The	  clear	  yellow	  solution	  was	  then	  
added	   to	   N,N'-­‐dimethyl-­‐1,3-­‐bis(acrylamide)propane	   (240.0	  eq,	   7.80	  mmol,	   1.64	  g),	  
and	   the	  mixture	   sonicated	   and	  degassed	   (N2	  needle	   to	  bottom	  of	   vial)	   for	   44	  min.	  	  
ABCV	   (2	  mol%	   to	   all	   polymerisable	   bonds,	   0.320	  mmol,	   0.0880	  g)	  was	   then	   added,	  
and	  the	  mixture	  further	  degassed	  for	  30	  min.	  	  A	  screw-­‐cap	  lid	  was	  then	  fitted	  to	  the	  
vial	  under	  a	  positive	   flow	  of	  N2	  and	  the	  vial	  heated	  at	  60˚C	   for	  24	  h.	   	  The	  polymer	  
i) 500 mM sodium acetate [pH 4.0], 60°C, 25h; ii) wash with H2O, RT; iii) NH3(aq), RT; iv) 
























i), ii), iii), iv), v)
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monolith	  was	   then	   dried	   to	   constant	  weight	   in	   a	   vacuum	  oven	   (60˚C),	   affording	   a	  
shiny,	   peach-­‐coloured	   solid	   (1.817	   g).	   	   This	   was	   ground	   to	   a	   free-­‐flowing	   powder	  
(1.786	  g)	  using	  a	  pestle	  and	  mortar	  (for	  yield,	  see	  discussion	  in	  Section	  5.6.1).	  
Wash	  1	  
The	   polymer	   was	   suspended	   in	   H2O	   (30	  mL)	   and	   gently	   agitated	   at	   RT	   using	   a	  
mechanical	   rocker	   for	  44	  h.	   	   It	  was	   then	   isolated	  via	  vacuum	  filtration	  and	  washed	  
through	   with	   H2O	   (3	   ×	   30	  mL),	   and	   the	   filtrate	   lyophilised	   to	   a	   cream-­‐coloured	  
residue	  (80	  mg).	  
	  Wash	  2	  
The	  polymer	  was	  resuspended	  in	  H2O	  (30	  mL)	  and	  gently	  agitated	  as	  before	  for	  25	  h.	  	  
It	  was	  then	  isolated	  via	  vacuum	  filtration	  and	  washed	  through	  with	  H2O	  (2	  ×	  30	  mL)	  
and	  the	  filtrate	  lyophilised	  to	  a	  white	  solid	  (26	  mg).	  
	  Template	  Removal	  Step	  1	  (in	  parallel	  with	  corresponding	  NIP)	  
The	   polymer	  was	   suspended	   in	   NH3(aq)	   [pH	  11.6]	   (30	  mL	   -­‐	   see	   Section	   9.3.4)	   and	  
gently	   agitated	   as	   before	   for	   70	  h.	   	   It	   was	   then	   isolated	   via	   vacuum	   filtration	   and	  
washed	  through	  with	  NH3(aq)	  (3	  ×	  30	  mL).	  	  The	  filtrate	  was	  concentrated	  in	  vacuo	  to	  
an	   opaque	   white	   solid	   (11	  mg).	   	   A	   small	   amount	   of	   the	   filtrate	   was	   added	   to	   a	  
solution	  of	  Xylenol	  Orange,	  and	  a	  colour	  change	  orange	  to	  pink	  was	  taken	  to	  indicate	  
that	  some	  Ga(III)	  was	  present	  in	  the	  filtrate.	  
Template	  Removal	  Step	  2	  (in	  parallel	  with	  corresponding	  NIP)	  
The	  polymer	  was	  resuspended	  in	  NH3(aq)	  (30	  mL)	  and	  gently	  agitated	  as	  before	  for	  
23	  h.	  	  The	  polymer	  was	  then	  isolated	  via	  vacuum	  filtration	  and	  washed	  through	  with	  
NH3(aq)	  (30	  mL)	  and	  distilled	  H2O	  (30	  mL).	  	  The	  filtrate	  was	  concentrated	  in	  vacuo	  to	  
a	  white	  film	  (15	  mg).	  	  	  
Metal	  Re-­‐loading	  Step	  
The	  polymer	  was	   suspended	   in	   500	  mM	  sodium	  acetate	   [pH	  4.0]	   (20	  mL)	   to	  which	  
Ga(III)Cl3(aq)	  [0.852	  M	  stock	  solution	  -­‐	  see	  Section	  9.4.23]	  (100	  µL)	  had	  been	  added,	  
and	  gently	  agitated	  as	  before	  for	  72	  h.	   	  The	  polymer	  was	  then	   isolated	  via	  vacuum	  
filtration	  and	  washed	   through	  with	  500	  mM	  sodium	  acetate	   [pH	  4.0]	   (30	  mL).	   	   The	  
polymer	  was	  then	  suspended	  in	  500	  mM	  sodium	  acetate	  [pH	  4.0]	  (4	  ×	  10	  mL),	  each	  
time	  manually	  shaking	  vigorously	  for	  1	  min	  and	  then	  centrifuging	  down	  and	  pipetting	  
Chapter	  9:	  Experimental	  
Sally	  L.	  Ewen-­‐Al-­‐Kashi	  	  	  	  	  	  	  PhD	  Thesis	  
	  
341	  
off	   and	   disposing	   of	   the	   supernatant.	   	   Finally,	   the	   polymer	  was	   suspended	   in	  H2O	  
(10	  mL)	   and	   gently	   agitated	   using	   a	  mechanical	   rocker	   for	   68	  h.	   The	   polymer	   was	  
then	  isolated	  via	  vacuum	  filtration,	  washed	  through	  with	  H2O	  (150	  mL),	  and	  dried	  to	  
constant	  weight	  under	  vacuum	  (RT)	   in	   the	  presence	  of	  P2O5.	   	  This	  afforded	  a	   free-­‐
flowing	  fine	  peach-­‐coloured	  powder	  (1.640	  g).	  
 
 
9.4.35	   Synthesis	  of	  β-­‐N-­‐(9-­‐	   	   	   	   	   	  
	   	   fluorenylmethoxycarbonyl)aminoethyl	  phosphoric	  
	   	   acid	  ("PHOS")	  
	  
In	  a	  nitrogen	  atmosphere,	  2-­‐aminoethyldihydrogen	  phosphate	  (5.00	  mmol,	  705	  mg)	  
was	   placed	   in	   an	   oven-­‐dried	   flask,	   anhydrous	   DCM	   (20	  mL)	   was	   added,	   and	   the	  
resulting	  suspension	  vigorously	  stirred.	   	  TMS-­‐Cl	  (2.0	  eq,	  10.00	  mmol,	  1.270	  mL)	  was	  
added	   in	  one	  portion,	   and	   the	   reaction	  heated	  at	   reflux	   for	   2h.	   	   The	   reaction	  was	  
then	   cooled	   to	   -­‐78˚C,	   and	   anhydrous	   diisopropylethylamine	   (1.8	  eq,	   9.100	  mmol,	  
1.590	  mL)	  and	   then	  Fmoc-­‐Cl	   (0.92	  eq,	  4.60	  mmol,	  1.20	  g)	  added.	   	  The	   reaction	  was	  
stirred	   at	   -­‐78˚C	   for	   20	  min	   and	   then	   at	   RT	   overnight.	   	   The	   reaction	   mixture	   was	  
concentrated	  in	  vacuo,	  then	  taken	  up	  in	  2.5	  w/v%	  NaHCO3	  (35	  mL)	  and	  washed	  with	  
diethyl	  ether	  (6	  ×	  30	  mL).	  	  The	  aqueous	  phase	  was	  acidified	  to	  pH	  2.1	  using	  6M	  HCl,	  
affording	  a	  slimy	  white	  suspension.	   	  The	  suspension	  was	  stored	  at	  0˚C	  for	  16	  h	  and	  














i) TMS-Cl, reflux; ii) DIPEA, Fmoc-Cl, -78°C to RT, N2
(25%)
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filtration,	  washed	  through	  with	  cold	  (1-­‐5˚C)	  water	  (3	  ×	  20	  mL)	  and	  diethyl	  ether	  (3	  ×	  
20	  mL),	  and	  then	  lyophilised	  (410	  mg,	  25%).	  
1H	  NMR	  (DMSO-­‐d6,	  400	  MHz)	  δH	  =	  3.17	  [m,	  2H,	  (HG)],	  3.74	  [dd,	  3JHH	  =	  6.2,	  2H,	  (HH)],	  
4.19	  [m,	  1H,	  (HE)],	  4.26	  [m,	  2H,	  (HF)],	  7.31	  [t,	  3JHH	  	  =	  7.8	  Hz,	  (HA,	  HB,	  HC	  or	  HD)],	  7.39,	  
2H,	  3JHH	  =	  7.3	  Hz,	  (HA,	  HB,	  HC	  or	  HD)],	  7.5	  [1H,	  t,	  3JHH	  	  =	  5.5	  Hz,	  1H,	  (Hi)],	  7.68	  [d,	  3JHH	  	  =	  
7.4	  Hz,	  2H,	  (HA,	  HB,	  HC	  or	  HD)],	  7.87	  [d,	  3JHH	  =	  7.5	  Hz,	  2H,	  (HA,	  HB,	  HC	  or	  HD)]	  ppm.	  
13C	  NMR	  (DMSO-­‐d6,	  101	  MHz)	  δC	  =	  40.9	  [d,	  3JCP	  =	  8.4	  Hz,	  (CG)],	  46.4	  (CE),	  63.2	  [d,	  2JCP	  =	  
4.8	  Hz,	  (CH)],	  65.5	  (CF),	  120.0	  (CD),	  125.1	  (CA,	  CB	  or	  CC),	  127.0	  (CA,	  CB	  or	  CC),	  127.6	  (CA,	  
CB	  or	  CC),	  140.7	  (CK),	  143.8	  (CJ),	  156.1	  (Ci)	  ppm.	  
31P	  NMR	  (DMSO-­‐d6,	  162	  MHz)	  δP	  =	  -­‐0.38	  ppm.	  
HR-­‐MS	  (ESI):	  Found	  364.096;	  Calculated	  (C17H18NO6P	  ⋅H+)	  364.095.	  
mp	  81.0-­‐82.5˚C	  <sublimed>	  (literature:	  85-­‐87˚C	  [300]).	  
93%	   pure	   by	   HPLC	   (set-­‐up	   D);	   7%	   impurity	   corresponds	   to	   dibenzofulvene	   (see	  
Section	  6.4.1).	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9.4.36	   Synthesis	  of	  N,N '-­‐Diisopropylethylammonium-­‐β-­‐N-­‐
	   	   (9-­‐fluorenylmethoxycarbonyl)aminoethyl	  sulfate	  
	   	   ("SULF")	  
	  
In	   a	  nitrogen	  atmosphere,	  2-­‐aminoethylhydrogen	   sulfate	   (5.00	  mmol,	   0.705	  g)	  was	  
placed	  in	  an	  oven-­‐dried	  flask,	  anhydrous	  DCM	  (20	  mL)	  was	  added,	  and	  the	  resulting	  
suspension	  vigorously	  stirred.	  	  TMS-­‐Cl	  (2.0	  eq,	  10.0	  mmol,	  1.27	  mL)	  was	  then	  added	  
in	   one	   portion	   and	   the	   reaction	   heated	   at	   reflux	   for	   2h.	   	   The	   reaction	   was	   then	  
cooled	   to	   -­‐78˚C,	   and	   anhydrous	   diisopropylethylamine	   (1.8	  eq,	   9.100	  mmol,	  
1.590	  mL)	  and	  then	  Fmoc-­‐Cl	   (0.92	  eq,	  4.60	  mmol,	  1.20	  g)	  added.	   	  The	  reaction	  was	  
stirred	   at	   -­‐78˚C	   and	   allowed	   to	   gradually	   warm	   to	   RT	   overnight.	   	   The	   reaction	  
mixture	  was	  then	  concentrated	  in	  vacuo,	  and	  the	  resulting	  yellow	  oil	  was	  taken	  up	  in	  
2.5	  w/v%	  NaHCO3	  (35	  mL)	  and	  washed	  with	  diethyl	  ether	  (6	  ×	  30	  mL).	  	  The	  aqueous	  
phase	   was	   acidified	   to	   pH	  1.6	   using	   6N	  HCl,	   and	   the	   precipitate	   was	   isolated	   via	  
vacuum	   filtration,	   washed	   with	   H2O	   (10	  mL)	   and	   diethyl	   ether	   (10	  mL),	   and	   then	  
















i) TMS-Cl, reflux; ii) DIPEA, Fmoc-Cl, -78°C to RT, N2
SULF (53%)
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1H	  NMR	  (DMSO-­‐d6,	  400	  MHz)	  δH	  =	  1.21	  [m,	  15H,	  (HG,	  HF)],	  3.09	  [m,	  2H,	  (HE)],	  3.19	  [m,	  
2H,	  (HC)],	  3.59	  [m,	  2H,	  (HH)],	  3.76	  [t,	  2H,	  3JHH	  	  =	  6.2	  Hz,	  (HD)],	  4.21	  [m,	  1H,	  (HB)],	  4.25	  
[m,	  2H,	   (HA)],	  7.33	   [t,	   3JHH	   	  =	  7.3	  Hz	   (HJ)],	  7.41	   [m,	  3H,	   (HK,	  HM)],	  7.67	   [d,	  2H,	   3JHH	  =	  
7.4	  Hz,	  (Hi)],	  7.87	  [d,	  2H,	  3JHH	  =	  7.5	  Hz,	  (HL)],	  8.15	  [s,	  1H,	  (HN)]	  ppm.	  	  
13C	  NMR	   (DMSO-­‐d6,	   100.7	  MHz)	   δC	   =	   12.94	   (CF),	   17.14	   (CG	   or	  CE),	   18.49	   (CG	   or	  CE),	  
42.34	  (CC),	  47.13	  (CB),	  54.07	  (CH),	  64.86	  (CD),	  65.99	  (CA),	  120.58	  (Ci),	  125.72	  (CJ,	  CK	  or	  
CL),	  127.58	  (CJ,	   CK	  or	   CL),	  128.12	  (CJ,	   CK	  or	   CL),	  141.17	  (CO),	  144.35	  (CP),	  156.62	  (CN)	  
ppm.	  	  
HR-­‐MS	  (ESI):	  Found	  364.085;	  Calculated	  (C17H17NO6S	  ⋅H+)	  364.085.	  
mp	  171.5-­‐172.5˚C.	  
100%	  pure	  by	  HPLC	  (set-­‐up	  D).	  
9.4.37	  	   Synthesis	  of	  β-­‐N-­‐(9-­‐	   	   	   	   	   	  
	   	   fluorenylmethoxycarbonyl)aminoethyl	  phosphonic	  
	   	   acid	  ("PHOSPHON")	  
	  
In	   a	   nitrogen	   atmosphere,	   2-­‐aminoethylphosphonic	   acid	   (1.60	  mmol,	   0.200	  g)	   was	  
placed	   in	  an	  oven-­‐dried	   flask,	  anhydrous	  DCM	  (7	  mL)	  was	  added,	  and	  the	  resulting	  
suspension	  vigorously	  stirred.	  	  TMS-­‐Cl	  (2.0	  eq,	  3.20	  mmol,	  406	  µL)	  was	  added	  in	  one	  
portion	  and	  the	  reaction	  heated	  at	  reflux	  for	  2h.	  	  The	  reaction	  was	  then	  cooled	  to	  -­‐
78˚C,	   and	   anhydrous	   diisopropylethylamine	   (1.8	  eq,	   2.88	  mmol,	   502	  µL)	   and	   then	  
Fmoc-­‐Cl	  (0.92	  eq,	  1.47	  mmol,	  0.381	  g)	  added.	  	  The	  reaction	  was	  stirred	  at	  -­‐78˚C	  and	  
allowed	   to	   gradually	   warm	   to	   RT	   overnight.	   	   The	   reaction	   mixture	   was	   then	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concentrated	  in	  vacuo,	  and	  the	  resulting	  yellow	  oil	  was	  taken	  up	  in	  2.5	  /v%	  NaHCO3	  
(11	  mL)	  and	  washed	  with	  diethyl	  ether	  (6	  ×	  10	  mL).	  	  The	  aqueous	  phase	  was	  acidified	  
to	  pH	  1.5	  using	  6N	  HCl	  and	  the	  resulting	  suspension	  was	  stored	  at	  0˚C	  for	  16	  h	  and	  
then	   allowed	   to	   defrost	   to	   RT.	   	   The	   white	   precipitate	   was	   isolated	   via	   vacuum	  
filtration	  and	  washed	  with	  H2O	  (3	  ×	  6	  mL)	  and	  diethyl	  ether	  (3	  ×	  10	  mL).	  	  To	  remove	  
residual	  diisopropylethylamine,	  the	  product	  was	  re-­‐basified	  to	  pH	  8.0	  using	  2.5	  w/v%	  
NaHCO3	  (11	  mL)	  then	  washed	  with	  diethyl	  ether,	  acidified	  to	  pH	  1.5	  using	  6N	  HCl	  and	  
the	   resulting	   precipitate	   isolated	   and	   washed	   as	   described	   above.	   	   Subsequent	  
lyophilisation	  afforded	  the	  desired	  product	  (35	  mg,	  7%).	  
	  
 
1H	  NMR	  (DMSO-­‐d6,	  400	  MHz)	  δH	  =	  1.67	  [m,	  2H,	  (HG)],	  3.18	  [m,	  2H,	  (HH)],	  4.20	  [m,	  1H,	  












i) TMS-Cl, reflux, N2; ii) DIPEA, Fmoc-Cl, -78°C to RT, N2
PHOSPHON
7%
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=	  7.3	  Hz,	  2H,	  (HB)],	  7.67	  [d,	  3JHH	   	  =	  7.3	  Hz,	  2H,	  (HD)],	  7.89	  [d,	  3JHH	  =	  7.4	  Hz,	  2H,	  (HA)]	  
ppm.	  
13C	   NMR	   (DMSO-­‐d6,	   101	  MHz)	   δC	   =	   36.46	   (CG),	   47.20	   (CE),	   65.79	   (CF),	   120.60	   (CD),	  
125.68	   (CA,	  CB	  or	  CC),	  127.57	   (CA,	  CB	  or	  CC),	  128.08	   (CA,	  CB	  or	  CC),	  141.26	   (CJ	  or	  CK),	  
144.42	  (CJ	  or	  CK),	  156.28	  (Ci)	  ppm.	  
31P	  NMR	  (DMSO-­‐d6,	  162	  MHz)	  δP	  =	  21.12	  ppm.	  
HR-­‐MS	  (ESI):	  Found	  348.101;	  Calculated	  (C17H18NO5P	  ⋅H+)	  348.100.	  
mp	  121.0-­‐123.0˚C	  <sublimed>	  (no	  mp	  provided	  in	  literature)ref.	  
98%	   pure	   by	   HPLC	   (set-­‐up	   D);	   2%	   impurity	   corresponds	   to	   dibenzofulvene	   (see	  
Section	  6.4.1)..	  
9.4.38	  	   Synthesis	  of	  β-­‐N-­‐(9-­‐	   	   	   	   	   	  
	   	   fluorenylmethoxycarbonyl)aminoethyl	  sulfonic	  	  
	   	   acid	  ("SULFON")	  
In	  a	  nitrogen	  atmosphere,	  taurine	  (5.00	  mmol,	  0.626	  g)	  was	  placed	  in	  an	  oven-­‐dried	  
flask	   and	   anhydrous	   DCM	   (20	  mL)	   added,	   and	   the	   resulting	   suspension	   vigorously	  
stirred.	   	   TMS-­‐Cl	   (2.0	  eq,	   10.00	  mmol,	   1.270	  mL)	  was	   added	   in	  one	  portion	   and	   the	  
reaction	   heated	   at	   reflux	   for	   2h.	   	   The	   reaction	   was	   then	   cooled	   to	   -­‐78˚C,	   and	  












i) TMS-Cl, reflux, N2; ii) DIPEA, Fmoc-Cl, -78°C to RT, N2
SULFON
22%
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(0.92	  eq,	  4.60	  mmol,	  1.20	  g)	  added.	  	  The	  reaction	  was	  stirred	  at	  -­‐78˚C	  and	  allowed	  to	  
gradually	  warm	  to	  RT	  overnight.	   	  The	   reaction	  mixture	  was	  concentrated	   in	  vacuo,	  
and	  the	  resulting	  yellow	  oil	  taken	  up	  in	  2.5	  w/v%	  NaHCO3	  (35	  mL)	  and	  washed	  with	  
diethyl	  ether	   (6	  ×	   30	  mL).	   	   The	  aqueous	  phase	  was	   then	  acidified	   to	  pH	  0.97	  using	  
6N	  HCl,	  and	  stored	  at	  0˚C	  for	  16	  h.	   	  The	  resulting	  slimy	  suspension	  was	  filtered	  and	  
the	  precipitate	  washed	  through	  with	  distilled	  H2O	  (3	  ×	  20	  mL)	  and	  diethyl	  ether	  (3	  ×	  




1H	  NMR	  (DMSO-­‐d6,	  400	  MHz)	  δH	  =	  2.59	  [m,	  2H,	  (HE)],	  3.17	  [m,	  2H,	  (HD)],	  4.21	  [m,	  1H,	  
(HA)],	  	  
4.29	  [m,	  2H,	  (HB)],	  7.11	  [t,	  1H,	  3JHH	   	  =	  5.5	  Hz,	   (HC)],	  7.33	  [t,	  2H,	  3JHH	   	  =	  7.1	  Hz,	   (HH)],	  
7.41	  [t,	  2H,	  3JHH	   	  =	  7.3	  Hz,	   (HG)],	  7.67	  [d,	  2H,	  3JHH	   	  =	  7.4	  Hz,	   (Hi)],	  7.89	  [d,	  2H,	  3JHH	  =	  
7.5	  Hz,	  (HF)]	  ppm.	  	  
13C	  NMR	   (DMSO-­‐d6,	   100.7	  MHz)	   δC	   =	   37.23	   (CD),	   46.66	   (CA),	   50.66	   (CE),	   65.32	   (CB),	  
120.08	  (Ci),	  125.09	  (CF,	  CG	  or	  CH),	  127.05	  (CF,	  CG	  or	  CH),	  127.57	  (CF,	  CG	  or	  CH),	  140.67	  
(CJ	  or	  CK),	  143.86	  (CJ	  or	  CK),	  155.78	  (CC)	  ppm.	  	  
HR-­‐MS	  (ESI):	  Found	  370.073;	  Calculated	  (C17H17NO5S	  ⋅Na+)	  370.072.	  
mp	  148.0-­‐151.5˚C	  <sublimed>	  (literature	  reference	  does	  not	  give	  mp	  [128]).	  
100%	  pure	  by	  HPLC	  (set-­‐up	  D).	  
	  
	  
9.4.39	  	   Preparation	  of	  tetrabutylammonium	  	  	   	  
	   	   1-­‐naphthalene	  acetate	  (N-­‐ACET-­‐TBA)	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To	   a	   stirring	   solution	   of	   1-­‐naphthalene	   acetic	   acid	   (26.9	  mmol,	   5.00	  g)	   in	   MeOH	  
(10.0	  mL)	   was	   added	   tetrabutylammonium	   hydroxide	   (40	   wt	  %	   solution	   in	   H2O,	  
26.9	  mmol,	   17.4	  mL)	   at	   RT.	   	   After	   3	  h	   the	   reaction	   was	   concentrated	   in	   vacuo	   to	  
afford	  a	  pale	  yellow	  oil.	   	  This	  was	   lyophilised	  and	  then	  dried	  under	  high	  vacuum	  in	  
the	   presence	   of	   P2O5,	   yielding	   pale	   yellow,	   translucent	   fan-­‐like	   crystals	   (11.11	  g,	  






1H	  NMR	  (CDCl3,	  400	  MHz):	  δH	  =	  0.86-­‐0.90	  [t,	  3JHH	  	  =	  7.2	  Hz,	  12H,	  (HD)],	  1.16-­‐1.25	  [m,	  
8H,	  (HC)],	  1.29-­‐1.39	  [m,	  8H,	  (HB)],	  2.85-­‐2.94	  [m,	  8H,	  (HA)],	  3.98	  [s,	  2H,	  (HO)],	  7.32-­‐7.44	  
[m,	  4H,	  (aromatic)],	  7.59-­‐7.60	  [d,	  3JHH	  	  =	  8.1	  Hz,	  1H,	  (aromatic)],	  7.73-­‐7.45	  [d,	  3JHH	  	  =	  
7.6	  Hz,	  1H,	  (aromatic)],	  8.41-­‐8.43	  [d,	  3JHH	  	  =	  7.9	  Hz,	  1H,	  (aromatic)].	  
	  
9.4.40	  	   Preparation	  of	  tetrabutylammonium	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To	  a	  stirring	  solution	  of	  1-­‐naphthyl	  phosphate	  (4.70	  mmol,	  1.05	  g)	  in	  MeOH	  (10	  mL)	  
was	   added	   tetrabutylammonium	  hydroxide	   (40	  wt	  %	   solution	   in	  H2O,	   4.700	  mmol,	  
3.050	  mL)	  at	  RT.	  	  After	  3	  h	  the	  reaction	  was	  concentrated	  in	  vacuo	  and	  lyophilised	  to	  








1H	  NMR	  (CDCl3,	  400	  MHz):	  δH	  =	  0.82-­‐0.85	  [t,	  3JHH	  	  =	  7.2	  Hz,	  12H,	  (HD)],	  1.22-­‐1.31	  [m,	  
8H,	   (HC)],	   1.36-­‐1.44	   [m,	   8H,	   (HB)],	   3.06-­‐3.10	   [m,	   8H,	   (HA)],	   7.30-­‐7.39	   [m,	   4H,	  
(aromatic)],	   7.69-­‐7.71	   [m,	   1H,	   (aromatic)],	   7.80-­‐7.82	   [d,	   3JHH	   	   =	   7.4	   Hz,	   1H,	  
(aromatic)],	  8.48-­‐8.50	  [m,	  1H,	  (aromatic)].	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9.5  Complexation Experiments  
9.5.1	  	   Job's	  plot	  between	  ADPHOS-­‐TBA	  and	  ITU-­‐FM	  
	  
	  
Preparation	   of	   10.45	  mM	   host	   stock	   solution:	   In	   a	   volumetric	   flask	  with	   stopper,	  
ITU-­‐FM	  (0.0100	  g,	  0.0320	  mmol)	  was	  taken	  up	  in	  CDCl3	  (3	  mL).	  	  The	  vessel	  was	  then	  
briefly	  sonicated	  (<10	  sec).	  	  	  
Preparation	  of	   10.56	  mM	  guest	   stock	   solution:	   In	  a	  volumetric	   flask	  with	  stopper,	  
ADPHOS-­‐TBA	  (0.0150	  g,	  0.0320	  mmol)	  was	  taken	  up	  in	  CDCl3	  (3	  mL).	  	  The	  vessel	  was	  
then	  briefly	  sonicated	  (<10	  sec).	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Sample	  ID	   10.45	  mM	  Host	  Solution	  in	  CDCl3	  (µL)	   10.56	  mM	  Guest	  Solution	  in	  CDCl3	  (µL)	  
1	   574	   0	  
2	   459	   114	  
3	   402	   171	  
4	   344	   227	  
5	   344	   227	  
6	   287	   284	  
7	   230	   341	  
8	   172	   398	  
9	   115	   455	  
10	   115	   455	  
11	   0	   568	  
Table	  9-­‐7	  Volumes	  of	  ITU-­‐FM	  host	  and	  ADPHOS-­‐TBA	  guest	  stock	  solution	  used	  in	  Job's	  plot	  
experiment	  9.5.1	  
	  
The	  samples	  were	  then	  analysed	  by	  1H	  and	  31P	  NMR	  spectroscopy	  [400	  MHz,	  RT].	  	  
 
9.5.2	  	   NMR	  titration	  between	  ITU-­‐FM	  and	  	   	   	  
	   	   tetrabutylammonium	  phenyl	  phosphate	  (58)	  
	  
Tetrabutylammonium	  phenyl	  phosphate	  (58)	  (0.0201	  g,	  0.0240	  mmol)	  was	  dissolved	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sonicated	  to	  homogeneity	  (<30	  sec).	  	  5	  mL	  of	  this	  guest	  stock	  solution	  was	  then	  used	  
to	   dissolve	   tetrabutylammonium	   phenyl	   phosphate	   (0.0838	   g,	   0.263	   mmol),	  
affording	  a	  52.582	  mM	  host	  stock	  solution.	   	  500	  μL	  of	  the	  guest	  stock	  solution	  was	  
placed	  into	  an	  NMR	  tube	  and	  analysed	  by	  1H	  and	  31P	  NMR	  spectroscopy	  [400	  MHz,	  
RT].	  	  Subsequent	  volumes	  of	  the	  host	  stock	  solution	  were	  then	  added	  to	  the	  tube	  in	  
accordance	  with	  Table	  9-­‐8,	  the	  tube	  briefly	  sonicated	  (<30	  sec)	  and	  the	  mixture	  then	  
analysed	  by	  1H	  and	  31P	  NMR	  spectroscopy	  [400	  MHz,	  RT].	  	  
Sample	  ID	   Volume	  (µL)	  of	  Host	  
Stock	  Solution	  Added	  
Volume	  (µL)	  of	  Guest	  
Stock	  Solution	  Added	  
Total	  Volume	  of	  Host	  Solution	  (µL)	  
1	   0	   500	   0	  
2	   20	   0	   20	  
3	   10	   0	   30	  
4	   10	   0	   40	  
5	   5	   0	   45	  
6	   5.5	   0	   50.5	  
7	   5	   0	   55.5	  
8	   10	   0	   65.5	  
9	   10	   0	   75.5	  
10	   20	   0	   95.5	  
11	   7	   0	   102.5	  
12	   5	   0	   107.5	  
13	   5	   0	   112.5	  
14	   5	   0	   117.5	  
15	   10	   0	   127.5	  
16	   20	   0	   147.5	  
17	   30	   0	   177.5	  
18	   7	   0	   184.5	  
19	   6	   0	   190.5	  
20	   6	   0	   196.5	  
21	   10	   0	   206.5	  
22	   85	   0	   291.5	  
23	   135	   0	   426.5	  
24	   190	   0	   616.5	  
25	   300	   0	   916.5	  
26	   500	   0	   1416.5	  
Table	  9-­‐8	  Volumes	  of	  host	  and	  guest	  stock	  solution	  used	  in	  NMR	  titration	  experiment	  9.5.2	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9.5.3	  	   NMR-­‐based	   experiment	   to	   establish	   evidence	   of	  
	   	   complexation	   between	   iminodiacetic	   acid,	   Ga(III)	  
	   	   and	  inosine	  monophosphate	  
The	  degree	  of	  hydration	  of	  sodium	  iminodiacetate	  dibasic	  hydrate	  was	  determined	  
as	   follows:	   sodium	   iminodiacetate	   dibasic	   hydrate	   (41.8	  mg)	   was	   taken	   up	   in	   D2O	  
(1.00	  mL),	   anhydrous	   DMA	   (8	  µL)	   added	   as	   internal	   standard,	   and	   the	   resulting	  
homogenous	  solution	  analysed	  by	  1H	  NMR	  spectroscopy.	  	  The	  relative	  integration	  of	  
the	   chosen	   iminodiacetate	   signal	   [δH	   (D2O,	   400	  MHz):	   3.14	   [s,	   4H]	   ppm]	   and	   the	  
chosen	  DMA	  signal	  [δH	  (D2O,	  400	  MHz):	  2.89	  [s,	  3H]	  ppm]	  was	  10.71	  :	  3.00.	  	  From	  this	  
it	   was	   determined	   that	   there	   was	   0.230	  mmol	   iminodiacetate	   present,	   and	   an	  
effective	   molar	   mass	   was	   calculated	   to	   be	   177.11	   (cf.	   mw	   pure	   sodium	  
iminodiacetate:	  177.07).	  
The	   degree	   of	   hydration	   of	   inosine	   monophosphate	   disodium	   salt	   hydrate	   was	  
determined	  as	  follows:	  inosine	  monophosphate	  disodium	  salt	  hydrate	  (51.7	  mg)	  was	  
taken	  up	  in	  D2O	  (1.00	  mL),	  anhydrous	  DMA	  (10	  µL)	  added	  as	  internal	  standard,	  and	  
the	  resulting	  homogenous	  solution	  analysed	  by	  1H	  NMR	  spectroscopy.	  	  The	  relative	  
integration	  of	  the	  chosen	  inosine	  monophosphate	  signal	  [δH	  (D2O,	  400	  MHz):	  8.51	  [s,	  
1H]	   ppm]	   and	   the	   chosen	   DMA	   signal	   [δH	   (D2O,	   400	  MHz):	   2.05	   [s,	   3H]	   ppm]	  was	  
1.00	  :	  3.52.	  	  From	  this	  it	  was	  determined	  that	  there	  was	  0.092	  mmol	  iminodiacetate	  
present,	   and	   an	   effective	   molar	   mass	   was	   calculated	   to	   be	   561.96	   (cf.	   mw	   pure	  
inosine	  monophosphate	  disodium	  salt:	  392.17).	  
Deuterated	   acetate	   buffer	   was	   prepared	   as	   follows:	   acetic	   acid-­‐d4	   (656	  µL,	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pD	  4.4	  (H2O-­‐calibrated	  pH	  meter	  reading:	  4.0)	  [327].	  	  The	  volume	  was	  then	  made	  up	  
to	  25.0	  mL	  using	  D2O	  to	  afford	  500	  mM	  acetate-­‐d4	  [pD	  4.4].	  
Sodium	   iminodiacetate	   dibasic	   hydrate	   (0.0189	  g,	   0.107	  mmol27)	   was	   dissolved	   in	  
500	  mM	   sodium	   acetate-­‐d4	   [pD	  4.4]	   (1.00	  mL)	   to	   afford	   a	   107	  mM	   stock	   solution.	  	  
Similarly,	   inosine	   monophosphate	   disodium	   salt	   hydrate	   (0.0400	  g,	   0.0710	  mmol*)	  
was	   dissolved	   in	   500	  mM	   sodium	   acetate-­‐d4	   [pD	  4.4]	   (1.00	  mL)	   to	   afford	   a	   71	  mM	  
stock	  solution.	  	  A	  stock	  solution	  of	  Ga(III)Cl3(aq)	  had	  previously	  been	  determined	  via	  
ICP	  to	  be	  852	  mM.	  
Using	  these	  stock	  solutions,	  8	  NMR	  samples	  were	  made	  up	  according	  to	  Table	  9-­‐9,	  
where	  the	  total	  volume	  was	  made	  up	  to	  500	  µL	  using	  500	  mM	  sodium	  acetate-­‐d4	  [pD	  
4.4].	   	   Samples	   1-­‐5	   were	   immediately	   observed	   to	   be	   a	   clear,	   colourless	   solution	  
whilst	  samples	  6-­‐8	  initially	  appeared	  turbid	  but	  afforded	  a	  clear	  solution	  upon	  brief	  
sonication.	  	  All	  8	  samples	  remained	  as	  a	  clear	  solution	  for	  at	  least	  96h	  at	  RT.	  
	  
Sample	  ID	  
Molar	  ratio	  IDA	  	  	  	  	  	  	  	  	  	  	  	  	  
(µmol	  in	  NMR	  tube)	  
Molar	  ratio	  Ga(III)	  	  	  	  	  	  	  	  	  
(µmol	  in	  NMR	  tube)	  
Molar	  ratio	  inosine	  
monophosphate	  	  	  	  	  	  	  	  	  	  	  	  
(µmol	  in	  NMR	  tube)	  
1	   1	  (15.0)	   0	  (0.0)	   0	  (0.0)	  
2	   1	  (15.0)	   1	  (15.0)	   0	  (0.0)	  
3	   1	  (15.0)	   0.5	  (7.5)	   0	  (0.0)	  
4	   1	  (15.0)	   2	  (30.0)	   0	  (0.0)	  
5	   0	  (0.0)	   0	  (0.0)	   1	  (15.0)	  
6	   1	  (15.0)	   1	  (15.0)	   1	  (15.0)	  
7	   1	  (15.0)	   0.5	  (7.5)	   0.5	  (7.5)	  
8	   1	  (15.0)	   1	  (15.0)	   2	  (30.0)	  
Table	  9-­‐9	  Amounts	  of	  sodium	  iminodiacetate,	  Ga(III)	  and	  sodium	  inosine	  monophosphate	  in	  NMR	  
tubes	  
                                                
27	  Calculated	  using	  effective	  molar	  mass	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Samples	  were	  analysed	  by	  1H,	  13C,	  71Ga	  and	  (samples	  5-­‐8)	  31P	  NMR	  spectroscopy.	  
To	   calibrate	   chemical	   shifts,	   the	   following	   internal	   standards	   were	   added	   to	   the	  
appropriate	  NMR	  tubes	  prior	  to	  analysis	  (Table	  9-­‐10):	  	  
• Sealed	  capillary	  of	  toluene	  in	  CDCl3	  (δH	  =	  2.36	  ppm;	  δC	  =	  135.6	  ppm);	  









31P	  NMR	  spectroscopy	  
1	   sealed	  capillary	  of	  toluene	  in	  CDCl3	  
sealed	  capillary	  
of	  toluene	  in	  
CDCl3	  
no	  internal	  
standard	  used	   N/A	  
2	   sealed	  capillary	  of	  toluene	  in	  CDCl3	  
sealed	  capillary	  
of	  toluene	  in	  
CDCl3	  
no	  internal	  
standard	  used	   N/A	  
3	   sealed	  capillary	  of	  toluene	  in	  CDCl3	  
sealed	  capillary	  
of	  toluene	  in	  
CDCl3	  
no	  internal	  
standard	  used	   N/A	  
4	   sealed	  capillary	  of	  toluene	  in	  CDCl3	  
sealed	  capillary	  
of	  toluene	  in	  
CDCl3	  
no	  internal	  
standard	  used	   N/A	  




in	  CDCl3	  	  
no	  internal	  
standard	  used	  
sealed	  capillary	  of	  
triethylphosphite	  in	  CDCl3	  







sealed	  capillary	  of	  
triethylphosphite	  in	  CDCl3	  







sealed	  capillary	  of	  
triethylphosphite	  in	  CDCl3	  







sealed	  capillary	  of	  
triethylphosphite	  in	  CDCl3	  
Table	  9-­‐10	  Internal	  standards	  added	  to	  NMR	  tubes	  prior	  to	  analysis	  
Following	  NMR	  analysis,	  samples	  2-­‐4	  and	  6-­‐8	  were	  submitted	  for	  ESI-­‐MS	  and	  LSI-­‐MS	  
analysis.	  	  No	  m/z	  detected	  could	  be	  attributed	  to	  an	  expected	  coordination	  complex	  
of	   the	   species	   concerned,	  and	  no	  m/z	  with	  a	   recognisable	  gallium	   isotopic	  pattern	  
was	  observed.	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9.6  Other Experiments 
9.6.1	  	   Hydrolytic	  stability	  of	  poly(ethylene	  glycol)	  
diacrylate	  	   [ADE	  400]	  
In	  an	  NMR	  tube,	  poly(ethylene	  glycol)	  diacrylate	  [ADE400]	  (100	  µL,	  2.19	  mmol)	  was	  
taken	  up	  in	  D2O	  (400	  µL),	  and	  40	  wt%	  NaOD	  (10	  µL,	  0.098	  mmol)	  added	  to	  afford	  a	  
pH	  14	   solution.	   	   After	   approx.	   18h	   at	   RT	   it	  was	   analysed	  by	   1H	   and	   13C	  NMR.	   	   For	  
reference,	  a	  sample	  of	  poly(ethylene	  glycol)	  diacrylate	   (100	  µL,	  2.19	  mmol)	   	   in	  D2O	  
(500	  µL)	  and	  a	  sample	  of	  acrylic	  acid	  (10	  µL,	  0.15	  mmol)	  in	  D2O	  (400	  µL)	  with	  40	  wt%	  
NaOD	   (10	  µL,	   0.098	  mmol)	   added	   were	   also	   analysed.	   	   CHCl3	   in	   a	   sealed	   glass	  
capillary	  was	  added	  to	  each	  of	  the	  NMR	  tubes	  as	  internal	  standard	  (δH	  =	  7.26	  ppm;	  
δC	  =	  77.0	  ppm).	  	  	  
NMR	  analysis	  of	  poly(ethylene	  glycol)diacrylate	  in	  D2O:	  
	  
	  1H	  NMR	  (NaOD,	  400	  MHz):	  δH	  =	  3.69-­‐3.72	  [m,	  29H,	  (CH2)],	  3.82-­‐3.83	  [m,	  4H,	  (CH2)],	  
4.34-­‐4.36	  [m,	  4H,	  CH2)],	  6.01-­‐6.03	  [d,	  3JHH	  	  =	  10.6	  Hz,	  2H,	  (HB),	  6.20-­‐6.27	  [dd,	  3JHH	  	  =	  
10.6	  Hz,	  3JHH	  	  =	  17.3	  Hz,	  2H,	  (HC)],	  6.44-­‐6.48	  [d,	  3JHH	  	  =	  17.3	  Hz,	  2H,	  (HA)]	  ppm.	  
13C	  NMR	  (NaOD,	  101	  MHz):	  δC	  =	  63.78	   (CH2),	  68.31	   (CH2),	  69.49	   (CH2),	  127.32	   (CA),	  
132.52	  (CB),	  167.99	  (CC)	  ppm.	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NMR	  analysis	  of	  sodium	  acrylate:	  
	  
1H	  NMR	  (NaOD,	  400	  MHz):	  δH	  =	  5.57-­‐5.60	  [dd,	  3JHH	  	  =	  10.1	  Hz,	  2JHH	  =	  1.79	  Hz,	  1H,	  
(HB)],	  5.92-­‐5.97	  [dd,	  3JHH	  	  =	  17.3	  Hz,	  2JHH	  =	  1.8	  Hz,	  1H,	  (HA)],	  6.02-­‐6.09	  [dd,	  3JHH	  	  =	  
17.4	  Hz,	  3JHH	  	  =	  10.1	  Hz,	  1H,	  (HC)]	  ppm.	  
13C	  NMR	  (NaOD,	  101	  MHz):	  δC	  =	  126.42	  (CB),	  133.52	  (CA),	  175.41	  (CC)	  ppm.	  	  
NMR	  analysis	  of	  poly(ethylene	  glycol)diacrylate	  in	  D2O	  and	  NaOD:	  
	  
1H	  NMR	  (NaOD,	  400	  MHz):	  δH	  =	  3.61-­‐3.82	  [m,	  54H,	   (CH2)],	  4.33-­‐4.35	  [m,	  4H,	  CH2)],	  
5.62-­‐5.65	  [dd,	  3JHH	  	  =	  10.0	  Hz,	  2JHH	  =	  1.9	  Hz,	  1H,	  (HB')],	  5.98-­‐6.15	  [m,	  3JHH	  	  =	  17.3	  Hz,	  
3JHH	   	  =	  10.0	  Hz	  4H,	  (HC',	  HA',	  HB)],	  6.18-­‐6.25	  [dd,	  3JHH	   	  =	  17.3	  Hz,	  3JHH	   	  =	  10.5	  Hz,	  2H,	  
(HC)],	  6.43-­‐6.47	  [d,	  3JHH	  	  =	  17.3	  Hz,	  2H,	  (HA)].	  	  	  	  	  	  	  
13C	  NMR	  (NaOD,	  101	  MHz):	  δC	  =	  60.19	   (CH2),	  63.78	   (CH2),	  68.29	   (CH2),	  69.44	   (CH2),	  
71.59	   (CH2),	  126.24	   (CB'),	  127.45	   (CA),	  132.55	   (CB),	  133.84	   (CA'),	  167.99	   (CC),	  174.96	  
(CC')	  ppm.	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9.6.2	  	   pH	  Stability	  of	  poly(poly(ethylene	  glycol)	  
diacrylate)	  
General	  procedure	  
NFP(PEGDA)-­‐2	  (250	  mg)	  was	  suspended	  in	  solutions	  (10	  mL)	  of	  a	  range	  of	  pH	  values	  




pH	  2.20	   8.77	  mM	  TFA	  
pH	  9.0	   23.00	  mM	  NH4OH	  
pH	  10.0	   10.00	  mM	  NH4OH	  	  
pH	  11.0	   48.78	  mM	  NH4OH	  	  
pH	  12.0	   603.33	  mM	  NH4OH	  	  
Table	  9-­‐11	  Compositions	  of	  solutions	  used	  to	  determine	  pH	  stability	  of	  NFP(PEGDA)-­‐2	  
	  
After	  this	  time	  the	  suspensions	  were	  filtered,	  washed	  through	  with	  HPLC-­‐grade	  H2O	  
(50	  mL)	  and	  the	  filtrates	  lyophilised	  and	  analysed	  by	  1H	  NMR	  spectroscopy.	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9.6.3	  	   Hydrolytic	  stability	  of	  	   	   	   	   	  
	   	   N,N'-­‐dimethyl-­‐1,3-­‐bis(acrylamide)propane	  	  
	   	   (DMBAP)	  and	  	   	   	   	   	   	   	  
	   N,N'-­‐dimethyl-­‐	  1,8-­‐bis(acrylamide)-­‐3,6-­‐dioxaoctane	  	  
	   (DMBADOOM)	  
To	  an	  NMR	  tube	  containing	  D2O	  (700	  µL)	  and	  40	  wt%	  NaOD	  (20	  µL,	  0.20	  mmol)	  was	  
added	   the	   crosslinker	   (either	   N,N'-­‐dimethyl-­‐1,3-­‐bis(acrylamide)propane	   (DMBAP	  
(Section	   9.4.25),	   0.0129	  g,	   0.061	  mmol)	   or	   N,N'-­‐dimethyl-­‐1,8-­‐
bis(acrylamide)-­‐3,6-­‐dioxaoctane	   (DMBADOOM	   (Section	   9.4.26),	   0.0170	  g,	  
0.0600	  mmol).	  	  After	  approx.	  24h	  at	  RT	  the	  resulting	  mixture	  was	  analysed	  by	  1H	  and	  
13C	  NMR.	  
The	   NMR	   spectra	   were	   the	   same	   as	   those	   obtained	   upon	   synthesis	   of	  
N,N'-­‐dimethyl-­‐1,8-­‐bis(acrylamide)-­‐3,6-­‐dioxaoctane	   (Section	   9.4.26)	   and	  
N,N'-­‐dimethyl-­‐1,3-­‐bis(acrylamide)propane	  (Section	  9.4.25).	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9.7  Small Molecule Binding Assays 
	  
9.7.1	  	   Binding	  Assay:	  Polymer	  Substrate	  Selectivity	  in	  	  
	   	   Organic	  Solvent	  (from	  Section	  3.2)	  
	  
	  
Tetrabutylammonium	  1-­‐naphthalene	  acetate	   ("N-­‐ACET-­‐TBA",	  Section	   9.4.39,	   0.270	  
g,	  0.631	  mmol)	  and	  tetrabutylammonium	  1-­‐naphthalene	  phosphate	  ("N-­‐PHOS-­‐TBA",	  
Section	  9.4.40,	  0.294	  g,	  0.631	  mmol)	  were	  dissolved	  in	  CDCl3	  (10.0	  mL)	  to	  afford	  an	  
orange-­‐pink	   coloured	   63.1	  mM	   stock	   solution	   of	   the	   two	   analytes.	   	   Into	   a	  Duran®	  
soda	  glass	  vial	  fitted	  with	  a	  PTFE	  screw-­‐cap	  was	  added	  the	  appropriate	  dry	  polymer	  
(387	   mg,	   either	   FIP1(ITU,ADPHOS)	   or	   NIP1(ITU);	   estimated	   amount	   of	   available	  
binding	  sites	   in	   the	  FIP	  =	  0.106	  mmol).	   	  To	  each	  vial	  was	  then	  added	  analyte	  stock	  
solution	  (79.2	  µL,	  equivalent	  to	  0.00500	  mmol	  of	  each	  analyte)	  and	  CDCl3	  (5.00	  mL).	  	  
The	  vials	  were	  mechanically	  rocked	  at	  RT.	  	  At	  the	  following	  time-­‐points	  (t=1h,	  2h,	  4h,	  
6h,	   22h,	   28h),	   approximately	   100-­‐150	   µL	   of	   supernatant	   was	   removed	   using	   a	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ptfe	  syringe	   filter	   (Whatman	  brand,	  0.2	  µm).	   	  The	  solvent	  was	  evaporated	  under	  a	  
gentle	   stream	  of	  N2	   and	   the	   residue	   then	   re-­‐dissolved	   in	   1:1	   v/v	  HPLC-­‐grade	  H2O:	  
HPLC-­‐grade	  MeCN	  (70	  µL).	  	  This	  was	  analysed	  by	  HPLC	  using	  HPLC	  set-­‐up	  A.	  	  	  
Quantitative	   analysis	   at	   t=324h:	   2-­‐acetonaphthone	   (0.315	   mmol,	   0.0540	   g)	   was	  
dissolved	  in	  CDCl3	  (5.00	  mL)	  to	  afford	  a	  63.0	  mM	  solution.	  	  19.8	  µL	  of	  the	  63.0	  mM	  
solution	  of	  2-­‐acetonaphthone	  was	  evaporated	  under	  a	  gentle	  stream	  of	  N2,	  and	  the	  
residue	  re-­‐dissolved	   in	  HPLC-­‐grade	  MeCN	  (5.00	  mL)	  to	  afford	  a	  250	  µM	  solution	  of	  
2-­‐acetonaphthone	  for	  use	  as	  HPLC	   internal	  standard.	   	  Approximately	  150	  µL	  of	  the	  
supernatant	  of	   each	  polymer	  equilibration	  was	   removed	  using	   a	  disposable	  plastic	  
syringe	   fitted	  with	  disposable	  25G	  needle,	  and	  passed	   through	  a	  ptfe	   syringe	   filter	  
(Whatman	  brand,	  0.2	  µm).	  	  The	  solvent	  was	  evaporated	  under	  a	  gentle	  stream	  of	  N2	  
and	   the	   residue	   then	   re-­‐dissolved	   in	   70	   µL	   of	   the	   250	   µM	   solution	   of	   2-­‐
acetonaphthone.	  	  This	  was	  analysed	  by	  HPLC	  using	  HPLC	  set-­‐up	  A.	  	  	  
Wash	  Step:	  The	  polymer	  particles	  were	  filtered	  and	  briefly	  rinsed	  through	  with	  CHCl3	  
(10.00	  mL).	   	   The	   polymers	  were	  washed	   via	   soxhlet	   extraction	   in	   5%	   v/v	   AcOH	   in	  
CHCl3	  (250	  mL,	  oil	  bath	  temperature:	  100°C)	  for	  24	  h.	  	  At	  the	  following	  time	  points,	  9	  
mL	  of	  supernatant	  was	  removed	  from	  each	  soxhlet	  apparatus,	  and	  replaced	  with	  9	  
mL	   5%	   AcOH	   v/v	   in	   CHCl3:	   30	   min;	   1	   h;	   2	   h;	   24	   h.	   	   These	   fractions	   were	   each	  
concentrated	   in	  vacuo	  and	  further	  dried	  to	  constant	  weight	   in	  a	  vacuum	  oven	  (35-­‐
45°C).	   	   These	   were	   then	   re-­‐dissolved	   in	   70	   µL	   of	   the	   250	   µM	   solution	   of	   2-­‐
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9.7.2	  	   Binding	  Assay:	  	  Substrate	  Selectivity	  in	  pH	  4.0	  	  
	   	   Acetate	  Buffer:	  Imprint	  Template	  Molecule	  	  
	   	   (Inosinic	  Acid)	  versus	  	  Nonphosphorylated	  	   	  
	   	   Analogue	  (Inosine)	  (from	  Section	  	  6.2)	  
	  
	  
Inosine	   (0.0100	  g,	  0.0380	  mmol)	  was	  dissolved	   in	  100	  mM	  sodium	  acetate	   [pH	  4.0]	  
(1.500	  mL)	   to	   afford	   a	   24.9	  mM	   stock	   solution	   of	   inosine.	   	   Sodium	   inosine	  
monophosphate	   (0.0100	  g,	  0.0180	  mmol)	  was	  dissolved	   in	  100	  mM	  sodium	  acetate	  
[4.0]	   (1.500	  mL)	   to	   afford	   a	   11.7	  mM	   stock	   solution	   of	   inosinic	   acid.	   	   To	   a	   Duran®	  
soda	  glass	  vial	  fitted	  with	  a	  PTFE	  screw-­‐cap	  was	  added	  the	  appropriate	  dry	  polymer	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FIP211(DMBAP,H2O)	   90	   1.65	  µmol	   0.107 0.107 13	  %	   720	  
NIP210(DMBAP,H2O)	   90	   N/A	   0.107 0.107 N/A	   720	  
FIP111(DMBAP,NaOAc)	   90	   2.08	  µmol	   0.094 0.094 9%	   720	  
NIP110(DMBAP,NaOAc)	   90	   N/A	   0.094 0.094 N/A	   720	  
FIP211(DMBAP,NaOAc)	   90	   1.63	  µmol	   0.090 0.090 11%	   720	  
NIP210(DMBAP,NaOAc)	   90	   N/A	   0.090 0.090 N/A	   720	  
Table	  9-­‐12	  Experiment	  compositions	  for	  Binding	  Assay	  Substrate	  Selectivity	  in	  pH	  4.0	  Acetate	  Buffer:	  
Imprint	  Template	  Molecule	  (Inosinic	  Acid)	  versus	  Nonphosphorylated	  Analogue	  (Inosine)	  
	  
Inosine	   stock	   solution	   (17	  µL,	   0.42	  µmol)	   and	   inosinic	   acid	   stock	   solution	   (36	  µL,	  
0.42	  µmol)	  were	  dissolved	  in	  100	  mM	  NaOAc	  [pH	  4.0]	  (2.827	  mL).	  	  720	  µL	  of	  this	  was	  
added	   to	   polymers	   FIP211(DMBAP,H2O)	   and	  NIP210(DMBAP,H2O).	   	   Inosine	   stock	  
solution	  (15	  µL,	  0.38	  µmol)	  and	  inosinic	  acid	  stock	  solution	  (33	  µL,	  0.38	  µmol)	  were	  
dissolved	   in	   100	  mM	   NaOAc	   [pH	  4.0]	   (2.832	  mL).	   	   720	  µL	   of	   this	   was	   added	   to	  
polymers	   FIP111(DMBAP,NaOAc)	   and	   NIP110(DMBAP,NaOAc).	   	   Inosine	   stock	  
solution	  (15	  µL,	  0.36	  µmol)	  and	  inosinic	  acid	  stock	  solution	  (31	  µL,	  0.36	  µmol)	  were	  
dissolved	   in	   100	  mM	   NaOAc	   [pH	  4.0]	   (2.835	  mL).	   	   720	  µL	   of	   this	   was	   added	   to	  
Chapter	  9:	  Experimental	  
Sally	  L.	  Ewen-­‐Al-­‐Kashi	  	  	  	  	  	  	  PhD	  Thesis	  
	  
364	  
polymers	   FIP211(DMBAP,NaOAc)	   and	   NIP210(DMBAP,NaOAc).	   	   The	   vials	   were	  
gently	  agitated	  at	  RT	  for	  20	  h	  using	  a	  mechanical	  rocker.	  	  The	  polymer	  particles	  were	  
then	  sedimented	  by	  centrifugation	  (5000	  rpm,	  approx.	  10	  min)	  and	  the	  supernatants	  
removed	  using	  a	  disposable	  syringe	  fitted	  with	  a	  disposable	  25G	  needle.	   	  Polymers	  






Detail	   Solvent	   Amount	  added	  (µL)	   time	  (min)	  
W1	   1st	  wash	  step	   100	  mM	  NaOAc	  [pH	  4.0]	   720	   19	  
W2	   2nd	  wash	  step	   100	  mM	  NaOAc	  [pH	  4.0]	   720	   10	  
W3	   3rd	  wash	  step	   100	  mM	  NaOAc	  [pH	  4.0]	   720	   23	  
W4	   4th	  wash	  step	   H2O	   720	   10	  
W5	   5th	  wash	  step	   H2O	   720	   22	  
W6	   6th	  wash	  step	   H2O	   720	   23	  
E1	   1st	  elution	  step	   1:1	  v/v	  MeCN	  :	  5%	  H3PO4	   720	   24	  
E2	   2nd	  elution	  step	   1:1	  v/v	  MeCN	  :	  5%	  H3PO4	   720	   65	  
Table	  9-­‐13	  Details	  of	  wash	  (W)	  and	  elution	  (E)	  steps	  for	  Binding	  Assay	  Substrate	  Selectivity	  in	  pH	  4.0	  
Acetate	   Buffer:	   Imprint	   Template	   Molecule	   (Inosinic	   Acid)	   versus	   Nonphosphorylated	   Analogue	  
(Inosine)	  
	  
Fractions	  were	  then	  analysed	  by	  HPLC,	  using	  HPLC	  set-­‐up	  E.	   	  This	  afforded	  baseline	  
separation	  of	   the	   analytes.	   	   Each	   fraction	  was	   analysed	   in	   triplicate	   and	   the	  mean	  
average	   used	   for	   analysis	   (erroneous	   chromatograms,	   as	   determined	   by	   visual	  
inspection	   of	   each	   chromatogram,	   were	   disregarded).	   	   Calibration	   curves	   were	  
established	  for	  each	  analyte	  Figure	  6-­‐3,	  using	  nine	  data	  points	  within	  an	  appropriate	  
concentration	   range	   (0.004	   -­‐	   0.200	  mM)	   (Appendix	   1).	   	   This	   afforded	   straight-­‐line	  
plots	  with	   r2	  >	  0.99;	   calibration	  coefficients,	   ε,	  were	  determined	   from	  the	   slope	  of	  
the	  curve	   in	  accordance	  with	  the	  Beer-­‐Lambert	  Law:	   inosinic	  acid	   (ε	  =	  10597	  mVs-­‐1	  
mM-­‐1;	  r2	  =	  0.9976);	  inosine:	  (ε	  =	  9153	  mVs-­‐1	  mM-­‐1;	  r2	  =	  0.9989).	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Example	  Calculations	  (Raw	  Data	  in	  Appendix	  1):	  
Polymer	  FIP211(DMBAP,H2O),	  analysis	  of	  supernatant	  at	  t=20h	  
	   Peak	  Areas	  (mV/S)	  
Concentration	  
(mM)	  of	  each	  
fraction	  (=mean	  
peak	  area	  /	  
calibration	  
coefficient)	  
Concentration	  of	  each	  analyte	  
as	  a	  percentage	  of	  t=0	  
concentration	  (t=0	  =	  0.149	  
mM)	  












inosine	   inosinic	  acid	   inosine	  
101932	   227.448	   1478.956	   	   	   	   	  
031933	   224.346	   1475.517	   	   	   	   	  
561934	   223.937	   1482.698	   	   	   	   	  
Average	  Peak	  
Area	   225.244	   1479.057	  
0.021	   0.162	   14.3%	   108.5%	  
	  





(mM)	  of	  each	  
fraction	  (=mean	  








of	  each	  analyte	  
in	  each	  fraction	  
(from	  volume	  ×	  
conc)	  
Amount	  of	  each	  
analyte	  as	  
percentage	  of	  
t=0	  amount	  (t=0	  
=	  0.107	  µmol))	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571950	   828.785	   9.603	  
	   	   	   	   	   	   	  
541951	   834.060	   8.703	  
	   	   	   	   	   	   	  
501952	   840.616	   9.640	  




7	   9.315	   0.079	   0.001	   609	   0.048	   0.001	   44.8%	   0.6%	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9.7.3	  Binding	  Assay:	  Selective	  Recognition	  of	  a	  Phosphoserine	  
Derivative	  over	  Other	  (Nonphosphorylated)	  Oxyanions	  	  (from	  
Section	  6.4)	  
	  
β-­‐N-­‐(9-­‐fluorenylmethoxycarbonyl)aminoethyl	   phosphoric	   acid	   (Section	   9.4.35,	  
0.0042	  g,	   12	  µmol)	   was	   dissolved	   in	   1:1	   v/v	   MeCN	  :	  100	  mM	   NaOAc	   [pH	  3.0]	  
(1.260	  mL)	   to	   afford	   a	   9.17	  mM	   stock	   solution	   of	   PHOS.	  	  
(9-­‐fluorenylmethoxycarbonyl)-­‐β-­‐alanine	  (0.0056	  g,	  18	  µmol)	  was	  dissolved	  in	  1:1	  v/v	  
MeCN	  :	  100	  mM	  NaOAc	   [pH	  3.0]	   (1.680	  mL)	   to	  afford	  a	  10.71	  mM	  stock	  solution	  of	  
CARBOX.	  	  
N,N'-­‐Diisopropylethylammonium-­‐β-­‐N-­‐(9-­‐fluorenylmethoxycarbonyl)aminoethyl	  
sulfate	  (Section	  9.4.36,	  0.0067	  g,	  14	  µmol)	  was	  dissolved	  in	  1:1	  v/v	  MeCN	  :	  100	  mM	  
NaOAc	   [pH	  3.0]	   (1.436	  mL)	   to	   afford	   a	   9.48	  mM	   stock	   solution	   of	   SULF.	  	  
β-­‐N-­‐(9-­‐fluorenylmethoxycarbonyl)aminoethyl	   phosphonic	   acid	   (Section	   9.4.37,	  
0.0034	  g,	   9.8	  µmol)	   was	   dissolved	   in	   1:1	   v/v	   MeCN	  :	  100	  mM	   NaOAc	   [pH	  3.0]	  
(1.020	  mL)	   to	   afford	   a	   9.61	  mM	   stock	   solution	   of	   PHOSPHON.	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β-­‐N-­‐(9-­‐fluorenylmethoxycarbonyl)aminoethyl	  sulfonic	  acid	  (Section	  9.4.38,	  0.0044	  g,	  
13	  µmol)	   was	   dissolved	   in	   1:1	   v/v	   MeCN	  :	  100	  mM	   NaOAc	   [pH	  3.0]	   (1.320	  mL)	   to	  
afford	  a	  9.62	  mM	  stock	  solution	  of	  SULFON.	  	  	  
 
Table	   9-­‐14	   Experiment	   compositions	   for	   binding	   assay:	   Selective	   Recognition	   of	   a	   Phosphoserine	  
Derivative	  over	  Other	  (Nonphosphorylated)	  Oxyanions	  
	  
To	   a	   soda	   glass	   vial	   fitted	   with	   a	   PTFE	   screw-­‐cap	   was	   added	   the	   appropriate	   dry	  
polymer	  (40	  mg),	  in	  accordance	  with	  Table	  9-­‐14.	  
 
PHOS	   stock	  solution	   (17	  µL,	  0.15	  µmol),	  CARBOX	   stock	  solution	   (14	  µL,	  0.15	  µmol),	  









































































40	  mg	   0.73	  µmol	   0.038	   0.038	   0.038	   0.038	   0.038	   26%	   320	  
NIP210(DMBAP,	  
H2O)	  
40	  mg	   N/A	   0.038	   0.038	   0.038	   0.038	   0.038	   N/A	   320	  
FIP111(DMBAP,	  
NaOAc)	  
40	  mg	   0.93	  µmol	   0.033	   0.033	   0.033	   0.033	   0.033	   18%	   320	  
NIP110(DMBAP,	  
NaOAc)	  
40	  mg	   N/A	   0.033	   0.033	   0.033	   0.033	   0.033	   N/A	   320	  
FIP211(DMBAP,	  
NaOAc)	  
40	  mg	   0.73	  µmol	   0.032	   0.032	   0.032	   0.032	   0.032	   22%	   320	  
NIP210(DMBAP,	  
NaOAc)	  
40	  mg	   N/A	   0.032	   0.032	   0.032	   0.032	   0.032	   N/A	   320	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and	   SULFON	   stock	   solution	   (16	  µL,	   0.15	  µmol)	   were	   dissolved	   in	   1:1	   v/v	  
MeCN	  :	  100	  mM	  NaOAc	   [pH	  3.0]	   (1.201	  mL).	   	   320	  µL	  of	   this	  was	  added	   to	   the	  vials	  
containing	  polymers	  FIP211(DMBAP,	  H2O)	  and	  NIP210(DMBAP,	  H2O).	   	  PHOS	   stock	  
solution	   (15	  µL,	   0.13	  µmol),	  CARBOX	   stock	   solution	   (13	  µL,	   0.13	  µmol),	  SULF	   stock	  
solution	   (14	  µL,	   0.13	  µmol),	   PHOSPHON	   stock	   solution	   (14	  µL,	   0.13	  µmol)	   and	  
SULFON	  stock	  solution	  (14	  µL,	  0.13	  µmol)	  were	  dissolved	  in	  1:1	  v/v	  MeCN	  :	  100	  mM	  
NaOAc	   [pH	  3.0]	   (1.212	  mL).	   	   320	  µL	   of	   this	   was	   added	   to	   the	   vials	   containing	  
polymers	   FIP111(DMBAP,	   NaOAc)	   and	   NIP110(DMBAP,	   NaOAc).	   	   PHOS	   stock	  
solution	   (14	  µL,	   0.13	  µmol),	  CARBOX	   stock	   solution	   (12	  µL,	   0.13	  µmol),	  SULF	   stock	  
solution	   (14	  µL,	   0.13	  µmol),	   PHOSPHON	   stock	   solution	   (13	  µL,	   0.13	  µmol)	   and	  
SULFON	  stock	  solution	  (14	  µL,	  0.13	  µmol)	  were	  dissolved	  in	  1:1	  v/v	  MeCN	  :	  100	  mM	  
NaOAc	   [pH	  3.0]	   (1.213	  mL).	   	   320	  µL	   of	   this	   was	   added	   to	   the	   vials	   containing	  
polymers	  FIP211(DMBAP,	  NaOAc)	  and	  NIP210(DMBAP,	  NaOAc).	  
	  
The	   vials	   were	   gently	   agitated	   at	   RT	   for	   68.5	  h	   using	   a	   mechanical	   rocker.	   	   The	  
polymer	   particles	   were	   then	   sedimented	   by	   centrifugation	   (5000	  rpm,	   approx.	  
10	  min)	  and	  the	  supernatants	  removed	  and	  their	  volumes	  measured	  using	  a	  500	  µL	  
Hamilton	  GASTIGHT®	  syringe	  (refer	  to	  Appendix	  2).	  	  
	  
Polymers	  were	   then	  washed	   and	   eluted	   in	   accordance	  with	   Table	   9-­‐15.	   	   On	   each	  
occasion,	   the	   vials	   were	   gently	   agitated	   using	   a	   mechanical	   rocker,	   the	   polymer	  
particles	   then	   sedimented	   by	   centrifugation	   (5000	  rpm,	   approx.	   10	  min)	   and	   the	  
supernatants	  removed	  using	  a	  500	  µL	  Hamilton	  GASTIGHT®	  syringe.	  	  The	  volumes	  of	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W1	   1st	  wash	  step	   1:1	  v/v	  MeCN	  :	  100	  mM	  NaOAc	  [pH	  3.0]	   320	   23	  
W2	   2nd	  wash	  step	   1:1	  v/v	  MeCN	  :	  100	  mM	  NaOAc	  [pH	  3.0]	   320	   35	  
W3	   3rd	  wash	  step	   1:1	  v/v	  MeCN	  :	  100	  mM	  NaOAc	  [pH	  3.0]	   320	   18	  
W4	   4th	  wash	  step	   1:1	  v/v	  MeCN	  :	  H2O	   320	   40	  
W5	   5th	  wash	  step	   1:1	  v/v	  MeCN	  :	  H2O	   320	   11	  
W6	   6th	  wash	  step	   1:1	  v/v	  MeCN	  :	  H2O	   320	   30	  




Table	   9-­‐15	   Details	   of	   wash	   and	   elution	   steps	   for	   binding	   assay:	   Selective	   Recognition	   of	   a	  
Phosphoserine	  Derivative	  over	  Other	  (Nonphosphorylated)	  Oxyanions	  
	  
Fractions	  were	  then	  analysed	  by	  HPLC,	  using	  HPLC	  set-­‐up	  D	  (raw	  data	   in	  Appendix	  
2).	   	   This	   afforded	   baseline	   separation	   or	   near-­‐baseline	   separation	   of	   the	   analytes.	  	  
Each	   fraction	   was	   analysed	   in	   triplicate	   and	   the	   mean	   average	   used	   for	   analysis	  
(erroneous	   chromatograms,	   as	   determined	   by	   visual	   inspection	   of	   each	  
chromatogram,	  were	  disregarded).	  	  Calibration	  curves	  for	  each	  analyte	  (Figure	  6-­‐20)	  
were	  established	  by	  measuring	  analyte	  peak	  areas	  for	  nine	  concentrations	  across	  the	  
range	  0.200-­‐0.002	  mM	  (Appendix	  2).	  	  This	  afforded	  straight-­‐line	  plots	  with	  r2	  >	  0.99;	  
calibration	   coefficients,	   ε,	   were	   determined	   from	   the	   slope	   of	   the	   curve	   in	  
accordance	  with	  the	  Beer-­‐Lambert	  Law (Figure	  6-­‐20). 
	  
9.7.3	  	   Binding	  Assay:	  Selective	  Recognition	  of	  	   	  
	   	   Phosphorylated	  Substrates	  other	  than	  the	  Imprint	  
	   	   Template	  at	  pH	  4.0	  (from	  Section	  6.3)	  
β-­‐N-­‐(9-­‐fluorenylmethoxycarbonyl)aminoethyl	   phosphoric	   acid	   (0.0047	  g,	   13	  µmol)	  
was	   dissolved	   in	   1:1	   v/v	   MeCN	  :	  100	  mM	   NaOAc	   [pH	  4.0]	   (1.410	  mL)	   to	   afford	   a	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9.2	  mM	   stock	   solution	   of	   analyte	   i	   (PM).	   	   Fmoc-­‐Ser-­‐OH	   (0.0052	  g,	   16	  µmol)	   was	  
dissolved	  in	  1:1	  v/v	  MeCN	  :	  100	  mM	  NaOAc	  [pH	  4.0]	  (1.560	  mL)	  to	  afford	  a	  10.2	  mM	  
stock	   solution	   of	   analyte	   ii	   (C).	   	   Fmoc-­‐Ser-­‐PO3H2-­‐OH	   (0.0051	  g,	   13	  µmol)	   was	  
dissolved	   in	  1:1	  v/v	  MeCN	  :	  100	  mM	  NaOAc	  [pH	  4.0]	   (1.530	  mL)	  to	  afford	  a	  8.2	  mM	  
stock	   solution	   of	   analyte	   iii	   (C,	   PM).	   	   Fmoc-­‐Ser-­‐(PO(OBzl)OH)-­‐OH	   (0.0048	  g,	  
9.6	  µmol)	   was	   dissolved	   in	   1:1	   v/v	   MeCN	  :	  100	  mM	   NaOAc	   [pH	  4.0]	   (1.440	  mL)	   to	  
afford	  a	  6.7	  mM	  stock	  solution	  of	  analyte	  iv	  (C,	  PD).	  
	  
	  
To	   a	   soda	   glass	   vial	   fitted	   with	   a	   PTFE	   screw-­‐cap	   was	   added	   the	   appropriate	   dry	  
polymer	  (90	  mg),	  in	  accordance	  with	  Table	  9-­‐16.	  
	  
Analyte	  i	  (PM)	  stock	  solution	  (46	  µL,	  0.43	  µmol),	  analyte	  ii	  (C)	  stock	  solution	  (42	  µL,	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stock	  solution	   (64	  µL,	  0.43	  µmol)	  were	  dissolved	   in	  1:1	  v/v	  MeCN	  :	  100	  mM	  NaOAc	  
[pH	  4.0]	  (2.676	  mL).	  	  720	  µL	  of	  this	  was	  added	  to	  polymers	  FIP211(DMBAP,	  H2O)	  and	  
NIP210(DMBAP,	  H2O).	  	  Analyte	  i	  (PM)	  stock	  solution	  (41	  µL,	  0.38	  µmol),	  analyte	  ii	  (C)	  
stock	  solution	  (37	  µL,	  0.38	  µmol),	  analyte	  iii	  (C,	  PM)	  stock	  solution	  (46	  µL,	  0.38	  µmol)	  
and	   analyte	   iv	   (C,	   PD)	   stock	   solution	   (57	  µL,	   0.38	  µmol)	   were	   dissolved	   in	   1:1	   v/v	  
MeCN	  :	  100	  mM	  NaOAc	  [pH	  4.0]	  (2.698	  mL).	   	  720	  µL	  of	  this	  was	  added	  to	  polymers	  
FIP111(DMBAP,	  NaOAc)	  and	  NIP110(DMBAP,	  NaOAc).	  	  Analyte	  i	  (PM)	  stock	  solution	  












































90	   1.65	  µmol	   0.107	   0.107	   0.107	   0.107	   26	  %	   720	  
NIP210(DMBAP,	  
H2O)	  
90	   N/A	   0.107	   0.107	   0.107	   0.107	   N/A	   720	  
FIP111(DMBAP,	  
NaOAc)	  
90	   2.08	  µmol	   0.094	   0.094	   0.094	   0.094	   18	  %	   720	  
NIP110(DMBAP,	  
NaOAc)	  
90	   N/A	   0.094	   0.094	   0.094	   0.094	   N/A	   720	  
FIP211(DMBAP,	  
NaOAc)	  
90	   1.63	  µmol	   0.090	   0.090	   0.090	   0.090	   22	  %	   720	  
NIP210(DMBAP,	  
NaOAc)	  
90	   N/A	   0.090	   0.090	   0.090	   0.090	   N/A	   720	  
Table	   9-­‐16	   Experiment	   compositions	   for	   Binding	   Assay:	   Selective	   Recognition	   of	   Phosphorylated	  
Substrates	  other	  than	  the	  Imprint	  Template	  at	  pH	  4.0	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stock	   solution	   (44	  µL,	   0.36	  µmol)	   and	   analyte	   iv	   (C,	   PD)	   stock	   solution	   (54	  µL,	  
0.36	  µmol)	   were	   dissolved	   in	   1:1	   v/v	   MeCN	  :	  100	  mM	   NaOAc	   [pH	  4.0]	   (2.711	  mL).	  	  
720	  µL	  of	  this	  was	  added	  to	  polymers	  FIP211(DMBAP,	  NaOAc)	  and	  NIP210(DMBAP,	  
NaOAc).	  
	  
The	  vials	  were	  gently	  agitated	  at	  RT	  for	  65	  h	  using	  a	  mechanical	  rocker.	  	  The	  polymer	  
particles	   were	   then	   sedimented	   by	   centrifugation	   (5000	  rpm,	   approx.	   10	  min)	   and	  
the	   supernatants	   removed	   and	   their	   volumes	   measured	   using	   a	   500	  µL	   Hamilton	  
GASTIGHT®	  syringe	  (Table	  9-­‐17).	  	  	  
	  
Fraction	  ID	  




































































t=65h	   495	   510	   510	   485	   520	   530	  
W1	   650	   650	   650	   655	   645	   505	  
E1	   685	   665	   655	   665	   655	   635	  
Table	   9-­‐17	   Volume	   of	   each	   fraction	   (Binding	   Assay:	   Selective	   Recognition	   of	   Phosphorylated	  
Substrates	   other	   than	   the	   Imprint	   Template	   at	   pH	   4.0),	   measured	   using	   a	   500	  µL	   Hamilton	  
GASTIGHT®	  syringe	  
	  
Polymers	  were	   then	  washed	   and	   eluted	   in	   accordance	  with	   Table	   9-­‐18.	   	   On	   each	  
occasion,	   the	   vials	   were	   gently	   agitated	   using	   a	   mechanical	   rocker,	   the	   polymer	  
particles	   were	   then	   sedimented	   by	   centrifugation	   (5000	  rpm,	   approx.	   10	  min)	   and	  
the	   supernatants	   removed	   using	   a	   500	  µL	   Hamilton	   GASTIGHT®	   syringe.	   	   The	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W1	   1st	  wash	  step	   1:1	  v/v	  MeCN	  :	  100	  mM	  NaOAc	  [pH	  4.0]	   720	   60	  
W2	   2nd	  wash	  step	   1:1	  v/v	  MeCN	  :	  100	  mM	  NaOAc	  [pH	  4.0]	   720	   38	  
W3	   3rd	  wash	  step	   1:1	  v/v	  MeCN	  :	  100	  mM	  NaOAc	  [pH	  4.0]	   720	   31	  
W4	   4th	  wash	  step	   1:1	  v/v	  MeCN	  :	  H2O	   720	   33	  
W5	   5th	  wash	  step	   1:1	  v/v	  MeCN	  :	  H2O	   720	   34	  
W6	   6th	  wash	  step	   1:1	  v/v	  MeCN	  :	  H2O	   720	   26	  
E1	   1st	  elution	  step	   1:1	  v/v	  MeCN	  :	  5%	  H3PO4	   720	   46	  
E2	   2nd	  elution	  step	   1:1	  v/v	  MeCN	  :	  5%	  H3PO4	   720	   65	  
Table	   9-­‐18	   Details	   of	   wash	   and	   elution	   steps	   for	   Binding	   Assay:	   Selective	   Recognition	   of	  
Phosphorylated	  Substrates	  other	  than	  the	  Imprint	  Template	  at	  pH	  4.0	  
	  
Fractions	  were	  then	  analysed	  by	  HPLC,	  using	  HPLC	  set-­‐up	  C	  (Appendix	  3).	  Calibration	  
curves	  for	  each	  analyte	  were	  established	  by	  measuring	  analyte	  peak	  areas	  for	  nine	  
concentrations	  across	  the	  range	  0.200-­‐0.002	  mM	  (Appendix	  6).	   
	  
9.7.3	  	   Binding	  Assay:	  Selective	  Recognition	  of	  	   	  
	   	   Phosphorylated	  Substrates	  other	  than	  the	  Imprint	  
	   	   Template	  at	  pH	  3.0	  (from	  Section	  6.3)	  
	  
β-­‐N-­‐(9-­‐fluorenylmethoxycarbonyl)aminoethyl	   phosphoric	   acid	   (0.0039	  g,	   11	  µmol)	  
was	   dissolved	   in	   1:1	   v/v	   MeCN	  :	  100	  mM	   NaOAc	   [pH	  3.0]	   (1.17	  mL)	   to	   afford	   a	  
9.2	  mM	   stock	   solution	   of	   analyte	   i	   (PM).	   	   Fmoc-­‐Ser-­‐OH	   (0.0058	  g,	   18	  µmol)	   was	  
dissolved	   in	  1:1	  v/v	  MeCN	  :	  100	  mM	  NaOAc	  [pH	  3.0]	   (1.74	  mL)	  to	  afford	  a	  10.2	  mM	  
stock	   solution	   of	   analyte	   ii	   (C).	   	   Fmoc-­‐Ser-­‐PO3H2-­‐OH	   (0.0045	  g,	   11	  µmol)	   was	  
dissolved	   in	   1:1	   v/v	  MeCN	  :	  100	  mM	  NaOAc	   [pH	  3.0]	   (1.35	  mL)	   to	   afford	   a	   8.2	  mM	  
stock	  solution	  of	  analyte	  iii	  (C,	  PM).	  	  Fmoc-­‐Ser-­‐(PO(OBzl)OH)-­‐OH	  (0.0054	  g,	  11	  µmol)	  
was	   dissolved	   in	   1:1	   v/v	   MeCN	  :	  100	  mM	   NaOAc	   [pH	  3.0]	   (1.62	  mL)	   to	   afford	   a	  
6.7	  mM	  stock	  solution	  of	  analyte	  iv	  (C,	  PD).	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Analyte	  i	  (PM)	  stock	  solution	  (21	  µL,	  0.19	  µmol),	  analyte	  ii	  (C)	  stock	  solution	  (19	  µL,	  
0.19	  µmol),	  analyte	  iii	  (C,	  PM)	  stock	  solution	  (23	  µL,	  0.19	  µmol)	  and	  analyte	  iv	  (C,	  PD)	  
stock	  solution	   (28	  µL,	  0.19	  µmol)	  were	  dissolved	   in	  1:1	  v/v	  MeCN	  :	  100	  mM	  NaOAc	  
[pH	  3.0]	  (1.189	  mL).	  	  320	  µL	  of	  this	  was	  added	  to	  polymers	  FIP211(DMBAP,	  H2O)	  and	  
NIP210(DMBAP,	  H2O).	  	  Analyte	  i	  (PM)	  stock	  solution	  (18	  µL,	  0.17	  µmol),	  analyte	  ii	  (C)	  
stock	  solution	  (16	  µL,	  0.17	  µmol),	  analyte	  iii	  (C,	  PM)	  stock	  solution	  (20	  µL,	  0.17	  µmol)	  
and	   analyte	   iv	   (C,	   PD)	   stock	   solution	   (25	  µL,	   0.17	  µmol)	   were	   dissolved	   in	   1:1	   v/v	  
MeCN	  :	  100	  mM	  NaOAc	  [pH	  3.0]	  (1.200	  mL).	   	  320	  µL	  of	  this	  was	  added	  to	  polymers	  
FIP111(DMBAP,	  NaOAc)	  and	  NIP110(DMBAP,	  NaOAc).	  	  Analyte	  i	  (PM)	  stock	  solution	  
(18	  µL,	  0.16	  µmol),	  analyte	  ii	  (C)	  stock	  solution	  (16	  µL,	  0.16	  µmol),	  analyte	  iii	  (C,	  PM)	  
stock	   solution	   (20	  µL,	   0.16	  µmol)	   and	   analyte	   iv	   (C,	   PD)	   stock	   solution	   (24.0	  µL,	  
0.16	  µmol)	   were	   dissolved	   in	   1:1	   v/v	   MeCN	  :	  100	  mM	   NaOAc	   [pH	  3.0]	   (1.203	  mL).	  	  
320	  µL	  of	  this	  was	  added	  to	  polymers	  FIP211(DMBAP,	  NaOAc	  and	  NIP210(DMBAP,	  
NaOAc).	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To	   a	   soda	   glass	   vial	   fitted	   with	   a	   PTFE	   screw-­‐cap	   was	   added	   the	   appropriate	   dry	  
polymer	   (40	  mg),	   in	   accordance	   with	   Table	   9-­‐19.	   	   The	   vials	   were	   gently	   gently	  
agitated	  at	  RT	  for	  88	  h	  using	  a	  mechanical	  rocker.	  	  The	  polymer	  particles	  were	  then	  
sedimented	   by	   centrifugation	   (5000	  rpm,	   approx.	   10	  min)	   and	   the	   supernatants	  
removed	  and	  their	  volumes	  measured	  using	  a	  500	  µL	  Hamilton	  GASTIGHT®	  syringe	  
(Table	  9-­‐20).	  	  	  
	  
Polymers	  were	   then	  washed	   and	   eluted	   in	   accordance	  with	   Table	   9-­‐21.	   	   On	   each	  
occasion,	   the	   vials	   were	   gently	   gently	   agitated	   using	   a	   mechanical	   rocker,	   the	  
polymer	   particles	   were	   then	   sedimented	   by	   centrifugation	   (5000	  rpm,	   approx.	  
10	  min)	  and	  the	  supernatants	  removed	  and	  their	  volumes	  measured	  using	  a	  500	  µL	  
Hamilton	  GASTIGHT®	  syringe	   (Table	   9-­‐20).	   	   Fractions	  were	   then	  analysed	  by	  HPLC,	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established	   by	   measuring	   analyte	   peak	   areas	   for	   nine	   concentrations	   across	   the	  















































0.048	   0.048	   0.048	   0.048	   26	  %	   320	  
NIP210(DMBAP,	  
H2O)	  
40	   N/A	   0.048	   0.048	   0.048	   0.048	   N/A	   320	  
FIP111(DMBAP,	  
NaOAc)	   40	  
0.926	  
µmol	  
0.042	   0.042	   0.042	   0.042	   18%	   320	  
NIP110(DMBAP,	  
NaOAc)	   40	   N/A	   0.042	   0.042	   0.042	   0.042	   N/A	   320	  
FIP211(DMBAP,	  
NaOAc)	  
40	   0.726	  
µmol	  
0.040	   0.040	   0.040	   0.040	   22	  %	   320	  
NIP210(DMBAP,	  
NaOAc)	   40	  
N/A	   0.040	   0.040	   0.040	   0.040	   N/A	   320	  
Table	   9-­‐19	   Experiment	   compositions	   for	   binding	   assay:	   Selective	   Recognition	   of	   Phosphorylated	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t=88h	   222	   230	   245	   240	   240	   245	  
W1	   305	   305	   290	   295	   295	   320	  
W2	   265	   295	   295	   290	   285	   300	  
W3	   300	   295	   295	   280	   300	   295	  
W4	   300	   280	   270	   305	   285	   295	  
W5	   310	   295	   310	   275	   290	   295	  
E1	   315	   310	   315	   315	   315	   285	  
E2	   310	   300	   305	   295	   315	   280	  
Table	  9-­‐20	  Volume	  of	  each	  fraction	  (binding	  assay:	  Selective	  Recognition	  of	  Phosphorylated	  Substrates	  
other	  than	  the	  Imprint	  Template	  at	  pH	  3.0),	  measured	  using	  a	  500	  µL	  Hamilton	  GASTIGHT®	  syringe	  
Fraction	  






W1	   1st	  wash	  step	   1:1	  v/v	  MeCN	  :	  100	  mM	  sodium	  acetate	  
[pH	  3.0]	   320	   50	  
W2	   2nd	  wash	  step	   1:1	  v/v	  MeCN	  :	  100	  mM	  sodium	  acetate	  
[pH	  3.0]	   320	   1159	  
W3	   3rd	  wash	  step	   1:1	  v/v	  MeCN	  :	  100	  mM	  sodium	  acetate	  
[pH	  3.0]	   320	   59	  
W4	   4th	  wash	  step	   1:1	  v/v	  MeCN	  :	  H2O	   320	   55	  
W5	   5th	  wash	  step	   1:1	  v/v	  MeCN	  :	  H2O	  	   320	   57	  
W6	   6th	  wash	  step	   1:1	  v/v	  MeCN	  :	  H2O	  	   320	   16	  
E1	   1st	  elution	  step	   1:1	  v/v	  MeCN	  :	  5%	  H3PO4	  	   320	   64	  
E2	   2nd	  elution	  step	   1:1	  v/v	  MeCN	  :	  5%	  H3PO4	   320	   1203	  
Table	   9-­‐21	   Details	   of	   wash	   and	   elution	   steps	   for	   binding	   assay:	   Selective	   Recognition	   of	  
Phosphorylated	  Substrates	  other	  than	  the	  Imprint	  Template	  at	  pH	  3.0	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9.7.3	  Binding	  Assay:	  Selective	  Recognition	  of	  Phosphorylated	  
Substrates	  other	  than	  the	  Imprint	  Template	  at	  pH	  2.2	  (Section	  
6.3)	  
	  
β-­‐N-­‐(9-­‐fluorenylmethoxycarbonyl)aminoethyl	   phosphoric	   acid	   (0.0032	  g,	   8.8	  µmol)	  
was	  dissolved	  in	  1:1	  v/v	  MeCN	  :	  0.1%	  TFA	  [pH	  2.2]	  (960	  µL)	  to	  afford	  a	  9.2	  mM	  stock	  
solution	  of	  analyte	  i	  (PM).	  	  Fmoc-­‐Ser-­‐OH	  (0.0050	  g,	  15	  µmol)	  was	  dissolved	  in	  1:1	  v/v	  
MeCN	  :	  0.1%	  TFA	  [pH	  2.2]	  (1.50	  mL)	  to	  afford	  a	  10.2	  mM	  stock	  solution	  of	  analyte	  ii	  
(C).	   	   Fmoc-­‐Ser-­‐PO3H2-­‐OH	   (0.0048	  g,	  12	  µmol)	  was	  dissolved	   in	  1:1	  v/v	  MeCN	  :	  0.1%	  
TFA	   [pH	  2.2]	   (1.44	  mL)	   to	   afford	   a	   8.2	  mM	   stock	   solution	   of	   analyte	   iii	   (C,	   PM).	  	  
Fmoc-­‐Ser-­‐(PO(OBzl)OH)-­‐OH	   (0.0054	  g,	   11	  µmol)	   was	   dissolved	   in	   1:1	   v/v	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To	   a	   soda	   glass	   vial	   fitted	   with	   a	   PTFE	   screw-­‐cap	   was	   added	   the	   appropriate	   dry	  













i	  	  (PM)	  
(µmol)	  
analyte	  
ii	  	  (C)	  
(µmol)	  























40	  mg	   0.733	  
µmol	  
0.048	   0.048	   0.048	   0.048	   26	  %	   320	  
NIP210(DMBAP,	  
H2O)	  
40	  mg	   N/A	   0.048	   0.048	   0.048	   0.048	   N/A	   320	  
FIP111(DMBAP,	  
NaOAc)	  
40	  mg	   0.926	  
µmol	  
0.042	   0.042	   0.042	   0.042	   18%	   320	  
NIP110(DMBAP,	  
NaOAc)	  
40	  mg	   N/A	   0.042	   0.042	   0.042	   0.042	   N/A	   320	  
FIP211(DMBAP,	  
NaOAc)	  
40	  mg	   0.726	  
µmol	  
0.040	   0.040	   0.040	   0.040	   22	  %	   320	  
NIP210(DMBAP,	  
NaOAc)	  
40	  mg	   N/A	   0.040	   0.040	   0.040	   0.040	   N/A	   320	  
Table	   9-­‐22	   Experiment	   compositions	   for	   binding	   assay:	   Selective	   Recognition	   of	   Phosphorylated	  
Substrates	  other	  than	  the	  Imprint	  Template	  at	  pH	  2.2	  
 
Analyte	  i	  (PM)	  stock	  solution	  (21	  µL,	  0.19	  µmol),	  analyte	  ii	  (C)	  stock	  solution	  (19	  µL,	  
0.19	  µmol),	  analyte	  iii	  (C,	  PM)	  stock	  solution	  (23	  µL,	  0.19	  µmol)	  and	  analyte	  iv	  (C,	  PD)	  
stock	  solution	  (28	  µL,	  0.19	  µmol)	  were	  dissolved	  in	  1:1	  v/v	  MeCN	  :	  0.1%	  TFA	  [pH	  2.2]	  
(1.189	  mL).	   	   320	  µL	   of	   this	   was	   added	   to	   polymers	   FIP211(DMBAP,	   H2O)	   and	  
NIP210(DMBAP,	  H2O).	  	  Analyte	  i	  (PM)	  stock	  solution	  (18	  µL,	  0.17	  µmol),	  analyte	  ii	  (C)	  
stock	  solution	  (16	  µL,	  0.17	  µmol),	  analyte	  iii	  (C,	  PM)	  stock	  solution	  (20	  µL,	  0.17	  µmol)	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and	   analyte	   iv	   (C,	   PD)	   stock	   solution	   (25	  µL,	   0.17	  µmol)	   were	   dissolved	   in	   1:1	   v/v	  
MeCN	  :	  0.1%	   TFA	   [pH	  2.2]	   (1.200	  mL).	   	   320	  µL	   of	   this	   was	   added	   to	   polymers	  
FIP111(DMBAP,	  NaOAc)	  and	  NIP110(DMBAP,	  NaOAc).	  	  Analyte	  i	  (PM)	  stock	  solution	  
(18	  µL,	  0.16	  µmol),	  analyte	  ii	  (C)	  stock	  solution	  (16	  µL,	  0.16	  µmol),	  analyte	  iii	  (C,	  PM)	  
stock	   solution	   (20	  µL,	   0.16	  µmol)	   and	   analyte	   iv	   (C,	   PD)	   stock	   solution	   (24	  µL,	  
0.16	  µmol)	  were	  dissolved	  in	  1:1	  v/v	  MeCN	  :	  0.1%	  TFA	  [pH	  2.2]	  (1.203	  mL).	  	  320	  µL	  of	  
this	  was	  added	  to	  polymers	  FIP211(DMBAP,	  NaOAc)	  and	  NIP210(DMBAP,	  NaOAc).	  	  	  
	  
The	  vials	  were	  gently	  gently	  agitated	  at	  RT	  for	  88	  h	  using	  a	  mechanical	  rocker.	  	  The	  
polymer	   particles	   were	   then	   sedimented	   by	   centrifugation	   (5000	  rpm,	   approx.	  
10	  min)	  and	  the	  supernatants	  removed	  and	  their	  volumes	  measured	  using	  a	  500	  µL	  
Hamilton	  GASTIGHT®	  syringe	  (Table	  9-­‐23).	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t=88h	   245	   250	   250	   245	   250	   215	  
W1	   305	   305	   290	   295	   295	   320	  
W2	   305	   295	   285	   285	   270	   295	  
W3	   280	   300	   310	   290	   295	   290	  
W4	   305	   295	   285	   285	   255	   315	  
W5	   285	   300	   285	   285	   290	   325	  
E1	   300	   305	   295	   315	   310	   300	  
E2	   300	   305	   310	   300	   265	   310	  
	  
Table	   9-­‐23	   Volume	   of	   each	   fraction	   (binding	   assay:	   Selective	   Recognition	   of	   Phosphorylated	  
Substrates	   other	   than	   the	   Imprint	   Template	   at	   pH	   2.2),	   measured	   using	   a	   500	  µL	   Hamilton	  
GASTIGHT®	  syringe	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Polymers	  were	   then	  washed	   and	   eluted	   in	   accordance	  with	   Table	   9-­‐24.	   	   On	   each	  
occasion,	   the	   vials	   were	   gently	   gently	   agitated	   using	   a	   mechanical	   rocker,	   the	  
polymer	   particles	   were	   then	   sedimented	   by	   centrifugation	   (5000	  rpm,	   approx.	  
10	  min)	  and	  the	  supernatants	  removed	  and	  their	  volumes	  measured	  using	  a	  500	  µL	  
Hamilton	  GASTIGHT®	  syringe	  (Table	  9-­‐23).	  	  	  
	  
Fraction	  






W1	   1st	  wash	  step	   1:1	  v/v	  MeCN	  :	  0.1%	  TFA	  [pH	  2.2]	   320	   50	  
W2	   2nd	  wash	  step	   1:1	  v/v	  MeCN	  :	  0.1%	  TFA	  [pH	  2.2]	   320	   1159	  
W3	   3rd	  wash	  step	   1:1	  v/v	  MeCN	  :	  0.1%	  TFA	  [pH	  2.2]	   320	   59	  
W4	   4th	  wash	  step	   1:1	  v/v	  MeCN	  :	  H2O	   320	   55	  
W5	   5th	  wash	  step	   1:1	  v/v	  MeCN	  :	  H2O	  	   320	   57	  
W6	   6th	  wash	  step	   1:1	  v/v	  MeCN	  :	  H2O	  	   320	   16	  
E1	   1st	  elution	  step	   1:1	  v/v	  MeCN	  :	  5%	  H3PO4	  	   320	   64	  
E2	   2nd	  elution	  step	   1:1	  v/v	  MeCN	  :	  5%	  H3PO4	   320	   1203	  
Table	   9-­‐24	   Details	   of	   wash	   and	   elution	   steps	   for	   binding	   assay:	   Selective	   Recognition	   of	  
Phosphorylated	  Substrates	  other	  than	  the	  Imprint	  Template	  at	  pH	  2.2	  
	  
Fractions	   were	   then	   analysed	   by	   HPLC,	   using	   HPLC	   set-­‐up	   C	   (Appendix	   5).	  	  
Calibration	   curves	   for	   each	   analyte	   were	   established	   by	   measuring	   analyte	   peak	  
areas	  for	  nine	  concentrations	  across	  the	  range	  0.200-­‐0.002	  mM	  (Appendix	  6).	  
	  
9.8  Proteomics 
9.8.1	  	   Digestion	  of	  α-­‐Casein	  using	  Trypsin	  
	  
A	  500	  µM	  stock	  solution	  of	  α-­‐casein	  was	  prepared	  by	  gently	  dissolving	  α-­‐casein	  (12.3	  
mg)	  in	  25	  mM	  ammonium	  bicarbonate	  solution	  (1.00	  mL).	  	  20	  µL	  of	  this	  was	  added	  
to	   25	  mM	   ammonium	   bicarbonate	   (29.9	  µL),	   to	   afford	   a	   5	  µg/	  µL	   solution	   of	   the	  
protein.	   	   2	   µL	   of	   this	   solution	   was	   added	   to	   a	   vial,	   and	   25	   mM	   ammonium	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bicarbonate	   (34	  µL)	   added.	   	   The	   pH	   of	   the	   solution	  was	   confirmed	   to	   be	   8.0	   <pH	  
meter>.	  	  A	  200	  ng/µL	  solution	  of	  modified	  porcine	  trypsin	  was	  prepared	  according	  to	  
the	  manufacturer's	  instructions.	  	  A	  5	  µL	  aliquot	  of	  this	  was	  then	  activated	  by	  heating	  
at	  30°C	  (lab	  oven)	  for	  15	  min.	  	  To	  the	  vial	  containing	  α-­‐casein	  solution	  was	  added	  the	  
activated	  trypsin	  solution	   (1	  µL),	  and	  the	  vial	  briefly	  mixed	  via	  centrifugation.	   	  This	  
was	   then	   heated	   at	   37°C	   (lab	   oven)	   for	   19	   h.	   	   A	   subsequent	   portion	   of	   activated	  
trypsin	   solution	   <stored	   at	   -­‐70°C	   since	   preparation>	   (1	   µL)	   was	   added,	   and	   the	  
mixture	  further	  heated	  at	  37°C	  (lab	  oven)	  for	  4.5	  h.	  	  To	  this	  was	  added	  10%	  v/v	  TFA	  
(aq)	  (2.80	  µL),	  and	  the	  solution	  pH	  confirmed	  to	  be	  1.00	  <pH	  meter>.	  
	  
9.8.2	  	   Investigation	  into	  the	  Phosphopeptide	  Recognition	  
	   	   Performance	  of	  2nd	  Generation	  FIPs	  using	  a	  	  
	   	   Mixture	  of	  Phosphorylated	  and	  	  	   	   	  
	   	   Nonphosphorylated	  Synthetic/Purified	  Peptides	  	  
	   	   (from	  Section	  7.4)	  	  
	  
Into	   four	   separate	   vials	   was	   added	   4.0	  mg	   polymer	   (either	   FIP211(DMBAP,	   H2O),	  
FIP111(DMBAP,	   NaOAc),	   FIP211(DMBAP,	   NaOAc)	   or	   pDMBAP(NaOAc)),	   100	   mM	  
NH4OAc	  [pH	  3.0]	  (8.0	  µL)	  and	  MeCN	  (8.0	  µL).	  	  The	  polymers	  were	  left	  to	  swell	  at	  RT	  
for	  1	  h.	  	  	  
	  
A	  stock	  solution	  of	  a	  mixture	  of	  five	  peptides	  was	  prepared	  as	  follows:	  <note	  that	  all	  
peptides	  had	  previously	  been	  dissolved	  in	  0.1%	  v/v	  TFA	  (100	  pmol/	  µL)	  and	  stored	  at	  
-­‐70°C>	  to	  a	  vial	  was	  added	  each	  of	  the	  phosphopeptides	  (PP1,	  PP3	  and	  PP5	  -­‐	  refer	  to	  
Table	  7-­‐3	  (3.2	  µL,	  0.320	  nmol	  of	  each)),	  Glu-­‐Fib	  (3.2	  µL,	  0.32	  nmol)	  and	  ANP	  (3.2	  µL,	  
0.32	  nmol),	  100	  mM	  NH4OAc	  [pH	  3.0]	  (24.0	  µL)	  and	  MeCN	  (40	  µL).	  	  This	  afforded	  a	  
final	  concentration	  of	  4	  pmol/µL	  of	  each	  peptide.	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To	  each	  polymer	  was	  added	  the	  peptide	  solution	  (16	  µL	  =	  64	  pmol	  of	  each	  peptide),	  
and	   the	   mixtures	   briefly	   mixed	   by	   pipetting	   up	   and	   down	   using	   a	   flattened	  
GELoader®	  pipette	  tip	  (Section	  9.1).	  	  The	  vials	  were	  then	  left	  to	  stand	  at	  RT	  for	  1	  h,	  
after	  which	   time	   they	  were	   subjected	   to	   brief	   centrifugation	   and	   the	   supernatant	  
removed	   for	   analysis	   using	   a	   flattened	   GELoader®	   pipette	   tip.	   	   The	   pH	   of	   the	  
supernatant	  was	  confirmed	  to	  still	  be	  pH	  3.0	  <pH	  meter>.	  
	  
Each	  polymer	  was	  then	  briefly	  washed	  six	  times	  as	  follows:	  the	  wash	  solution	  (first	  3	  
× 16	  µL	  aliquots	  of	  1:1	  v/v	  MeCN	  :	  100	  mM	  NH4OAc	  [pH	  3.0],	  then	  3	  × 16	  µL	  aliquots	  
of	  1:1	  v/v	  MeCN	  :	  H2O)	  was	  added	  to	  the	  polymer	  and	  the	  mixtures	  briefly	  mixed	  by	  
pipetting	   up	   and	   down	   using	   a	   flattened	   GELoader®	   pipette	   tip,	   then	   briefly	  
centrifuged	   and	   the	   supernatant	   removed	   for	   analysis.	   	   The	   polymers	   were	   then	  
treated	  with	  1:1	  v/v	  MeCN	  :	  5%	  H3PO4	  (3	  ×	  16	  µL)	  to	  elute	  any	  bound	  peptides.	  	  All	  
fractions	   were	   analysed	   by	   MALDI-­‐TOF	   MS	   (Section	   9.1).	   	   In	   order	   to	   analyse	   a	  
maximum	  of	  500	  fmol	  on	  target,	  the	  fractions	  were	  pre-­‐mixed	  with	  an	  equal	  volume	  
of	  "PA-­‐DHB"	  matrix	  and	  1	  µL	  spotted	  onto	  the	  target.	  
	  
9.8.3	  	   Investigation	  into	  Whether	  Binding	  of	  Carboxylated	  
	   	   Residues	  to	  FIP111(DMBAP,	  NaOAc)	  can	  be	  	  
	   	   Diminished	  Using	  a	  Glutamic	  Acid	  Wash?	  (from	  	  
	   	   Section	  7.5)	  
	  
Method	  according	  to	  Section	  9.8.2,	  with	  the	  following	  differences:	  only	  one	  polymer	  
-­‐	  FIP111(DMBAP,	  NaOAc)	   -­‐	  was	  used,	  and	   three	  additional	  wash	  steps	  of	  100	  mM	  
NH4Glu	   [pH	   2.0]	   (16	  µL)	   were	   inserted	   between	   the	   3	   ×	   1:1	   v/v	  MeCN	  :	  100	  mM	  
NH4OAc	  [pH	  3.0]	  and	  the	  3	  ×	  1:1	  v/v	  MeCN	  :	  H2O	  wash	  steps.	  	  All	  other	  parameters	  
as	  described	  previously.	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9.8.4	  	   Investigation	  into	  Whether	  FIP111(DMBAP,	  NaOAc)	  
	   	   Bind	  	  Phosphopeptides	  at	  all,	  And	  Which	  Binding	  
	   	   Solution	  is	  Optimal?	  	  (from	  Section	  7.6)	  
	  
Phosphopeptides	   (PP1,	   PP2,	   PP3,	   PP4,	   PP5	   and	   PP6	   -­‐	   refer	   to	   Table	   7-­‐3)	   had	  
previously	  been	  dissolved	  in	  0.1%	  v/v	  TFA	  (100	  pmol/	  µL)	  and	  stored	  at	  -­‐70°C.	  	  Four	  
different	  binding	  solutions	  were	  thus	  prepared	  as	  follows:	  
1) 1	  µL	  (100	  pmol)	  of	  each	  phosphopeptide	  was	  dissolved	  in	  a	  mixture	  of	  0.1%	  
TFA	  (19	  µL)	  and	  MeCN	  (25	  µL).	  
2) 	  1	  µL	  (100	  pmol)	  of	  each	  phosphopeptide	  was	  dissolved	  in	  0.1%	  TFA	  (44	  µL).	  
3) 1	   µL	   (100	   pmol)	   of	   each	   phosphopeptide	   was	   dissolved	   in	   a	   mixture	   of	  
100	  mM	  NH4OAc	  [pH	  3.0]	  (19	  µL)	  and	  MeCN	  (25	  µL).	  
4) 1	  µL	   (100	  pmol)	  of	  each	  phosphopeptide	  was	  dissolved	   in	  100	  mM	  NH4OAc	  
[pH	  3.0]	  (44	  µL).	  
	  
To	  four	  vials	  each	  containing	  polymer	  FIP111(DMBAP,	  NaOAc)	  (4	  mg)	  was	  added	  22	  
µL	   of	   one	   of	   the	   above	   binding	   solvents.	   	   Similarly,	   to	   four	   vials	   each	   containing	  
polymer	   pDMBAP(NaOAc)	   (4	  mg)	   was	   added	   32	   µL	   of	   one	   of	   the	   above	   binding	  
solvents.	   	   The	   mixtures	   were	   briefly	   mixed	   by	   pipetting	   up	   and	   down	   using	   a	  
flattened	  GELoader®	  pipette	  tip	  (Section	  9.1),	  and	  then	  left	  to	  stand	  at	  RT	  for	  17	  h,	  
after	  which	   time	   they	  were	   subjected	   to	   brief	   centrifugation	   and	   the	   supernatant	  
removed	   for	   analysis	   using	   a	   flattened	   GELoader®	   pipette	   tip,	   and	   analysed	   by	  
MALDI-­‐TOF	  MS	  (Section	  9.1).	  	  Polymers	  were	  then	  subjected	  to	  six	  sequential	  wash	  
steps	   and	   three	   elution	   steps,	   each	   time	   briefly	  mixing	   by	   pipetting	   up	   and	   down	  
using	  a	   flattened	  GELoader®	  pipette	   tip,	   then	  briefly	  centrifuging	  before	   removing	  
the	  supernatant	  for	  analysis.	  	  Wash	  and	  elution	  solutions	  as	  follows:	  
1)	   Polymers	  previously	  equilibrated	  in	  1:1	  v/v	  0.1%	  TFA	  and	  MeCN	  were	  washed	  
with	  3	  	   × 16	  µL	  aliquots	  of	  1:1	  v/v	  0.1%	  TFA	  and	  MeCN	  and	  then	  3	  × 16	  µL	  
aliquots	  of	  1:1	  	   v/v	  MeCN	  :	  H2O),	  and	  eluted	  with	  1:1	  v/v	  MeCN	  :	  5%	  H3PO4	  (3	  
×	  16	  µL).	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2)	   Polymers	  previously	  equilibrated	  in	  0.1%	  TFA	  were	  washed	  with	  3	  	  × 16	   µL	  
aliquots	  	   of	  0.1%	  TFA	  and	  then	  3	  × 16	  µL	  aliquots	  of	  H2O),	  and	  eluted	  with	  1:1	  
v/v	  MeCN	  :	  5%	  	   H3PO4	  (3	  ×	  16	  µL).	  
3)	   Polymers	   previously	   equilibrated	   in	   1:1	   v/v	   100	  mM	   NH4OAc	   [pH	   3.0]	   and	  
MeCN	  	   were	  washed	  with	  3	  × 16	  µL	  aliquots	  of	  1:1	  v/v	  100	  mM	  NH4OAc	  [pH	  
3.0]	  and	  MeCN	  	   and	  then	  3	  × 16	  µL	  aliquots	  of	  1:1	  v/v	  MeCN	  :	  H2O),	  and	  eluted	  
with	  1:1	  v/v	  	   MeCN	  :	  5%	  H3PO4	  (3	  ×	  16	  µL).	  
4)	   Polymers	  previously	  equilibrated	   in	  100	  mM	  NH4OAc	   [pH	  3.0]	  were	  washed	  
with	  3	  	   × 16	   µL	   aliquots	   of	   100	  mM	   NH4OAc	   [pH	   3.0]	   and	   then	   3	   × 16	   µL	  
aliquots	  of	  H2O),	  	   and	  eluted	  with	  1:1	  v/v	  MeCN	  :	  5%	  H3PO4	  (3	  ×	  16	  µL).	  
9.8.5	  	   Investigation	  into	  the	  Phosphopeptide	  Recognition	  
	   	   Performance	  of	  	  FIP111(DMBAP,	  NaOAc)	  using	  a	  	  
	   	   Mixture	  of	  Phosphorylated	  and	  	  	   	   	  
	   	   Nonphosphorylated	  Peptides	  Using	  Conditions	  	  
	   	   Developed	  in	  Section	  7.6	  	  (from	  Section	  7.7)	  
	  
Method	  according	  to	  Section	  9.8.2,	  with	  the	  following	  differences:	  only	  one	  polymer	  
-­‐	  FIP111(DMBAP,	  NaOAc)	   -­‐	  was	  used,	  the	   loading	  solvent	  was	  1:1	  v/v	  MeCN	  :	  0.1%	  
TFA	  [pH	  2.2]	  rather	  than	  1:1	  v/v	  MeCN	  :	  100	  mM	  NH4OAc	  [pH	  3.0],	  and	  the	  1:1	  v/v	  
MeCN	  :	  100	  mM	  NH4OAc	  [pH	  3.0]	  wash	  steps	  replaced	  with	  1:1	  v/v	  MeCN	  :	  0.1%	  TFA	  
[pH	  2.2].	  	  All	  other	  parameters	  as	  described	  previously.	  
9.8.5	  	   Does	  a	  Longer	  Binding	  Time	  (24h	  Rather	  Than	  1h)	  
	   	   Result	  in	  Improved	  Recognition	  Performance	  of	  	  
	   	   FIP111(DMBAP,	  NaOAc)?	  (from	  Section	  7.8)	  
	  
Method	  according	  to	  Section	  9.8.2,	  with	  the	  following	  differences:	  equilibration	  time	  
increased	  from	  1	  h	  to	  24	  h.	  	  All	  other	  parameters	  as	  described	  previously.	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Appendices	  




	  Appendix	  1	   Binding	  Assay:	  	  Substrate	  Selectivity	  in	  pH	  4.0	  
Acetate	   Buffer:	   Imprint	   Template	   Molecule	   (Inosinic	   Acid)	  
versus	  Nonphosphorylated	  Analogue	  (Inosine)	  
Refer	  to	  Section	  6.2	  
 
Data	  used	  to	  construct	  inosinic	  acid	  calibration	  curve	  
final	  3	  digits	  of	  
chromatogram	  ID	  
sample	  concentration	  
(mM)	   peak	  area	  (mV/s)	   Standard	  deviation	  
699	   0.004	   43.193	   0.434	  
698	   0.004	   43.314	   	  
697	   0.004	   43.720	   	  
696	   0.004	   43.774	   	  
695	   0.004	   44.293	   	  
694	   0.010	   109.000	   1.187	  
693	   0.010	   109.418	   	  
692	   0.010	   110.101	   	  
691	   0.010	   110.512	   	  
690	   0.010	   112.065	   	  
689	   0.020	   220.520	   3.361	  
688	   0.020	   219.723	   	  
687	   0.020	   221.397	   	  
686	   0.020	   221.328	   	  
685	   0.020	   228.102	   	  
684	   0.040	   446.997	   1.201	  
683	   0.040	   446.830	   	  
682	   0.040	   444.867	   	  
681	   0.040	   445.486	   	  
680	   0.040	   444.261	   	  
679	   0.050	   559.199	   1.739	  
678	   0.050	   560.824	   	  
677	   0.050	   563.521	   	  
676	   0.050	   560.855	   	  
675	   0.050	   562.863	   	  
674	   0.100	   1116.890	   6.658	  
673	   0.100	   1118.530	   	  
672	   0.100	   1107.044	   	  
671	   0.100	   1105.607	   	  
670	   0.100	   1104.488	   	  
669	   0.150	   1641.465	   13.516	  
668	   0.150	   1640.221	   	  
667	   0.150	   1612.649	   	  
666	   0.150	   1634.077	   	  
665	   0.150	   1616.499	   	  
664	   0.200	   2132.293	   97.795	  
663	   0.200	   2134.855	   	  
662	   0.200	   2084.126	   	  
661	   0.200	   1994.657	   	  
660	   0.200	   1908.370	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Data	  used	  to	  construct	  inosine	  calibration	  curve	  
final	  3	  digits	  of	  
chromatogram	  ID	  
sample	  concentration	  
(mM)	   peak	  area	  (mV/s)	   Standard	  deviation	  
215	   0.004	   42.171	   0.859	  
315	   0.004	   40.348	   	  
415	   0.004	   40.252	   	  
515	   0.004	   41.670	   	  
706	   0.004	   40.620	   	  
707	   0.010	   99.733	   0.701	  
708	   0.010	   101.278	   	  
709	   0.010	   101.267	   	  
710	   0.010	   100.734	   	  
711	   0.010	   101.447	   	  
712	   0.020	   201.922	   1.873	  
713	   0.020	   201.286	   	  
714	   0.020	   203.199	   	  
715	   0.020	   198.321	   	  
716	   0.020	   199.950	   	  
717	   0.040	   340.797	   2.313	  
718	   0.040	   342.507	   	  
719	   0.040	   343.467	   	  
720	   0.040	   345.512	   	  
721	   0.040	   339.571	   	  
722	   0.050	   465.743	   24.080	  
723	   0.050	   431.528	   	  
724	   0.050	   469.718	   	  
725	   0.050	   457.364	   	  
726	   0.050	   498.448	   	  
727	   0.100	   906.175	   21.205	  
728	   0.100	   875.744	   	  
729	   0.100	   932.986	   	  
730	   0.100	   914.720	   	  
731	   0.100	   896.994	   	  
732	   0.150	   1376.935	   24.534	  
733	   0.150	   1424.577	   	  
734	   0.150	   1432.568	   	  
735	   0.150	   1406.141	   	  
736	   0.150	   1436.926	   	  
737	   0.200	   1867.036	   53.292	  
738	   0.200	   1848.396	   	  
739	   0.200	   1779.897	   	  
740	   0.200	   1735.813	   	  
















Analysis	  of	  t=20h	  fractions	   Peak	  Areas	  (mV/S)	  
Polymer	  
final	  6	  digits	  of	  
chromatogram	  
ID	  
inosinic	  acid	  (3.70	  min)	   inosine	  (5.51	  min)	  
FIP211(DMBAP,H2O)	  
101932	   227.448	   1478.956	  
031933	   224.346	   1475.517	  
561934	   223.937	   1482.698	  
Average	  Peak	  
Area	   225.244	   1479.057	  
NIP210(DMBAP,H2O)	  
501953	   666.114	   1460.434	  
471954	   673.610	   1466.709	  
441955	   679.679	   1474.867	  
Average	  Peak	  
Area	   673.134	   1467.337	  
FIP111(DMBAP,NaOAc)	  
201974	   100.270	   1005.414	  
161975	   101.648	   1012.652	  
121976	   102.638	   1015.822	  
Average	  Peak	  
Area	  
101.519	   1011.296	  
NIP110(DMBAP,NaOAc)	  
161995	   594.775	   1012.582	  
111996	   591.864	   1011.327	  
061997	   594.546	   1014.590	  
Average	  Peak	  
Area	  
593.728	   1012.833	  
FIP211(DMBAP,NaOAc)	  
302016	   273.676	   1003.511	  
242017	   275.727	   1007.829	  
182018	   274.484	   999.901	  
Average	  Peak	  
Area	   274.629	   1003.747	  
NIP210(DMBAP,NaOAc)	  
282037	   337.665	   1019.809	  
262038	   344.528	   1020.331	  
242039	   337.591	   1006.696	  
Average	  Peak	  
Area	   339.928	   1015.612	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Analysis	  of	  E1	  fractions	   Peak	  Areas	  (mV/S)	  
Volume	  of	  fraction	  
(μL)	  Polymer	  








571950	   828.785	   9.603	   	  
541951	   834.060	   8.703	   	  
501952	   840.616	   9.640	   609	  
Average	  Peak	  
Area	  
834.487	   9.315	   	  
NIP210(DMBAP,H2O)	  
301971	   271.460	   10.453	   	  
261972	   271.168	   9.863	   	  
211973	   273.771	   11.337	   610	  
Average	  Peak	  
Area	   272.133	   10.551	   	  
FIP111(DMBAP,NaOAc)	  
291992	   691.755	   5.329	   	  
231993	   701.595	   4.563	   	  
181994	   712.181	   7.218	   	  
Average	  Peak	  
Area	   701.844	   5.703	   650	  
NIP110(DMBAP,NaOAc)	  
362013	   113.810	   10.113	   	  
352014	   119.856	   0.000	   	  
332015	   117.643	   9.052	   	  
Average	  Peak	  
Area	   117.103	   6.388	   575	  
FIP211(DMBAP,NaOAc)	  
312034	   420.409	   7.024	   	  
292035	   421.693	   0.000	   640	  
272036	   428.550	   0.000	   	  
Average	  Peak	  
Area	  
423.551	   2.341	   	  
NIP210(DMBAP,NaOAc)	  
542056	   421.105	   0.000	   	  
512057	   421.842	   0.000	   615	  
472058	   429.653	   0.000	   	  
Average	  Peak	  
Area	  
424.200	   0.000	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Appendix	  2	   Binding	  Assay:	  Selective	  Recognition	  of	  a	  
Phosphoserine	  Derivative	  over	  Other	  (Nonphosphorylated)	  
Oxyanions	  
Refer	  to	  Section	  6.4	  
 
 
Analysis	  of	  t=68.5h	  fractions	   Peak	  Areas	  (mV/S)	  
Polymer	  


















552717	   149.879	   1333.129	   794.987	   94.892	   807.075	  
492718	   154.984	   1434.870	   832.998	   105.469	   842.107	  
442719	   176.680	   1459.990	   882.884	   97.179	   889.644	  
Average	  Peak	  
Area	  
160.514	   1409.330	   836.956	   99.180	   846.275	  
NIP210(DMBAP,H2O)	  
442720	   477.859	   1374.526	   847.185	   406.296	   862.466	  
382721	   499.639	   1420.611	   885.394	   421.513	   897.710	  
322722	   521.349	   1504.973	   914.089	   438.092	   927.179	  
Average	  Peak	  
Area	  
499.616	   1433.370	   882.223	   421.967	   895.785	  
FIP111(DMBAP,NaOAc)	  
302723	   155.372	   1210.568	   759.506	   111.282	   781.207	  
252724	   161.445	   1229.977	   783.785	   112.624	   809.305	  
202725	   177.671	   1316.690	   818.583	   118.182	   857.682	  
Average	  Peak	  
Area	   164.829	   1252.412	   787.291	   114.029	   816.065	  
NIP110(DMBAP,NaOAc)	  
192726	   596.663	   1326.533	   764.365	   543.122	   800.549	  
142727	   617.960	   1398.861	   806.144	   560.675	   841.715	  
092728	   666.717	   1521.411	   868.957	   602.381	   934.022	  
Average	  Peak	  
Area	   627.113	   1415.602	   813.155	   568.726	   858.762	  
FIP211(DMBAP,NaOAc)	  
082729	   302.891	   1185.944	   823.131	   212.834	   809.402	  
042730	   320.439	   1206.491	   820.706	   215.189	   826.798	  
002731	   310.388	   1324.497	   871.930	   221.540	   860.391	  
Average	  Peak	  
Area	   311.239	   1238.977	   838.589	   216.521	   832.197	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002732	   351.119	   1239.216	   975.731	   240.273	   927.805	  
572733	   371.534	   1273.935	   1004.948	   245.581	   957.815	  
532734	   422.756	   1344.925	   1085.790	   279.991	   1038.614	  
Average	  Peak	  
Area	  
381.803	   1286.025	   1022.156	   255.282	   974.745	  
 
 
Analysis	  of	  t=E1	  fractions	   Peak	  Areas	  (mV/S)	  
Polymer	  


















092744	   0.066	   0.001	   0.013	   0.081	   0.010	  
032745	   0.066	   0.001	   0.013	   0.081	   0.010	  
572746	   0.072	   0.001	   0.015	   0.086	   0.011	  
Average	  Peak	  
Area	   0.068	   0.001	   0.014	   0.083	   0.011	  
NIP210(DMBAP,H2O)	  
542747	   0.033	   0.001	   0.016	   0.046	   0.011	  
482748	   0.034	   0.001	   0.016	   0.047	   0.011	  
432749	   0.025	   0.001	   0.011	   0.045	   0.011	  
Average	  Peak	  
Area	   0.031	   0.001	   0.014	   0.046	   0.011	  
FIP111(DMBAP,NaOAc)	  
412750	   0.055	   0.001	   0.009	   0.064	   0.007	  
362751	   0.053	   0.001	   0.008	   0.062	   0.006	  
312752	   0.052	   0.000	   0.007	   0.064	   0.006	  
Average	  Peak	  
Area	   0.053	   0.001	   0.008	   0.063	   0.006	  
NIP110(DMBAP,NaOAc)	  
302753	   0.012	   0.001	   0.009	   0.017	   0.006	  
252754	   0.013	   0.000	   0.009	   0.018	   0.006	  
212755	   0.013	   0.002	   0.009	   0.018	   0.007	  
Average	  Peak	  
Area	   0.013	   0.001	   0.009	   0.017	   0.007	  
FIP211(DMBAP,NaOAc)	  
202756	   0.039	   0.001	   0.009	   0.051	   0.006	  
172757	   0.040	   0.001	   0.009	   0.051	   0.006	  
132758	   0.040	   0.001	   0.009	   0.052	   0.006	  
Average	  Peak	  
Area	   0.040	   0.001	   0.009	   0.052	   0.006	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132759	   0.040	   0.000	   0.005	   0.054	   0.003	  
092760	   0.040	   0.000	   0.005	   0.055	   0.003	  
062761	   0.041	   0.000	   0.005	   0.056	   0.003	  
Average	  Peak	  
Area	   0.040	   0.000	   0.005	   0.055	   0.003	  
 
 
Volume	  of	  E1	  fractions (μL)	  
FIP211(DMBAP,H2O)	   290	  
NIP210(DMBAP,H2O)	   270	  
FIP111(DMBAP,NaOAc)	   320	  
NIP110(DMBAP,NaOAc)	   315	  
FIP211(DMBAP,NaOAc)	   305	  
NIP210(DMBAP,NaOAc)	   305	  
 
Appendix	  3	   Binding	  Assay:	  Selective	  Recognition	  of	  
Phosphorylated	  Substrates	  other	  than	  the	  Imprint	  Template	  
at	  pH	  4.0	  (HPLC	  set-­‐up	  C)	  
Refer	  to	  Section	  6.3	  
 
 
Analysis	  of	  t=65h	  fractions	   Peak	  Areas	  (mV/S)	  
Polymer	  
final	  6	  digits	  of	  
chromatogram	  
ID	  
analyte	  iii	  (C,	  











022122	   14.256	   352.560	   1035.334	   108.272	  
002123	   12.506	   370.871	   1087.468	   107.193	  
592124	   12.007	   377.554	   1112.654	   115.379	  
Average	  Peak	  
Area	  
12.923	   366.995	   1078.485	   110.281	  
NIP210(DMBAP,H2O)	  
562125	   43.314	   577.617	   997.076	   110.137	  
502126	   44.041	   620.701	   1071.416	   119.422	  
442127	   47.265	   656.900	   1131.611	   127.719	  
Average	  Peak	  
Area	  
44.873	   618.406	   1066.701	   119.093	  
FIP111(DMBAP,NaOAc)	  
422128	   0.000	   173.983	   724.983	   82.087	  
382129	   0.000	   193.650	   800.193	   96.866	  
312130	   0.000	   198.351	   820.868	   94.104	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Area	   0.000	   188.661	   782.015	   91.019	  
NIP110(DMBAP,NaOAc)	  
302131	   instrument	  error	  on	  this	  chromatogram	  
252132	   30.989	   518.388	   719.474	   78.539	  
202133	   35.454	   540.356	   769.187	   87.891	  
Average	  Peak	  
Area	  
33.222	   529.372	   744.331	   83.215	  
FIP211(DMBAP,NaOAc)	  
192134	   20.870	   431.759	   822.379	   129.736	  
152135	   20.044	   462.250	   869.041	   136.613	  
112136	   19.370	   439.941	   858.188	   134.670	  
Average	  Peak	  
Area	  
20.095	   444.650	   849.869	   133.673	  
NIP210(DMBAP,NaOAc)	  
292137	   instrument	  error	  on	  this	  chromatogram	  
072139	   61.841	   605.970	   985.258	   305.047	  
042140	   61.423	   609.385	   988.279	   304.577	  
Average	  Peak	  
Area	   61.632	   607.678	   986.769	   304.812	  
 
 
Analysis	  of	  E1	  fractions	   Peak	  Areas	  (mV/S)	  
Polymer	  
final	  6	  digits	  of	  
chromatogram	  
ID	  
analyte	  iii	  (C,	  











162174	   1102.005	   475.175	   58.575	   909.343	  
152175	   1091.426	   474.873	   60.734	   910.979	  
132176	   1131.706	   492.684	   58.153	   939.932	  
Average	  Peak	  
Area	   1108.379	   480.911	   59.154	   920.085	  
NIP210(DMBAP,H2O)	  
152177	   921.890	   218.098	   51.713	   792.406	  
142178	   938.783	   221.522	   49.169	   809.298	  
142179	   989.674	   235.417	   52.306	   851.893	  
Average	  Peak	  
Area	   950.116	   225.012	   51.063	   817.866	  
FIP111(DMBAP,NaOAc)	  
162180	   772.691	   391.468	   26.059	   558.146	  
162181	   780.629	   398.311	   28.520	   568.660	  
162182	   834.837	   424.673	   28.859	   603.043	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Area	   796.052	   404.817	   27.813	   576.616	  
NIP110(DMBAP,NaOAc)	  
192183	   676.962	   96.889	   39.047	   620.147	  
202184	   719.646	   101.051	   40.228	   651.855	  
202185	   691.053	   97.189	   42.876	   627.991	  
Average	  Peak	  
Area	  
695.887	   98.376	   40.717	   633.331	  
FIP211(DMBAP,NaOAc)	  
192186	   738.803	   174.492	   19.342	   533.818	  
142187	   718.249	   171.444	   21.617	   515.312	  
102188	   744.457	   178.923	   24.844	   532.423	  
Average	  Peak	  
Area	  
733.836	   174.953	   21.934	   527.184	  
NIP210(DMBAP,NaOAc)	  
102189	   738.159	   129.751	   0.000	   352.838	  
062190	   725.259	   128.987	   0.000	   345.836	  
022191	   766.657	   137.141	   0.000	   363.993	  
Average	  Peak	  
Area	   743.358	   131.960	   0.000	   354.222	  
 
Appendix	  4	   Binding	  Assay:	  Selective	  Recognition	  of	  
Phosphorylated	  Substrates	  other	  than	  the	  Imprint	  Template	  
at	  pH	  3.0	  (HPLC	  set-­‐up	  C)	  
Refer	  to	  Section	  6.3	  
 
 
Analysis	  of	  t=88h	  fractions	   Peak	  Areas	  (mV/S)	  
Polymer	  
final	  6	  digits	  of	  
chromatogram	  
ID	  
analyte	  iii	  (C,	  












9.338	   489.148	   1299.638	   353.060	  
562302	   4.459	   504.886	   1316.124	   360.144	  
472303	  
12.595	   527.756	   1417.103	   397.427	  
Average	  Peak	  
Area	   8.797	   507.263	   1344.288	   370.210	  
NIP210(DMBAP,H2O)	   432304	   143.301	   872.444	   1323.394	   435.369	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153.935	   923.193	   1406.357	   479.213	  
272306	   156.554	   952.145	   1436.643	   476.165	  
Average	  Peak	  
Area	   151.263	   915.927	   1388.798	   463.582	  
FIP111(DMBAP,NaOAc)	  
232307	  
4.870	   406.379	   1127.041	   413.342	  
162308	  
0.000	   449.503	   1165.963	   378.257	  
092309	   8.466	   464.726	   1274.334	   470.741	  
Average	  Peak	  
Area	   4.445	   440.203	   1189.113	   420.780	  
NIP110(DMBAP,NaOAc)	  
062310	  
326.241	   1047.886	   1254.251	   473.079	  
592311	  
226.865	   1055.810	   1236.396	   463.540	  
532312	   234.144	   1106.969	   1301.310	   482.606	  
Average	  Peak	  
Area	   262.417	   1070.222	   1263.986	   473.075	  
FIP211(DMBAP,NaOAc)	  
502313	  
95.569	   760.850	   1223.656	   555.064	  
442314	  
99.306	   793.468	   1275.834	   571.050	  
382315	   98.484	   850.170	   1334.736	   621.175	  
Average	  Peak	  
Area	   97.786	   801.496	   1278.075	   582.430	  
NIP210(DMBAP,NaOAc)	  
362316	  
suspect	  air	  bubble	  in	  sample	  vial	  
312317	  
131.779	   859.458	   1305.256	   870.625	  
252318	   135.701	   890.017	   1350.739	   929.876	  
Average	  Peak	  
Area	   133.740	   874.738	   1327.998	   900.251	  
 
 
Analysis	  of	  E1	  fractions	   Peak	  Areas	  (mV/S)	  
Polymer	  
final	  6	  digits	  of	  
chromatogram	  
ID	  
analyte	  iii	  (C,	  












1149.416	   547.635	   0.000	   590.400	  
592374	   1165.424	   580.325	   0.000	   605.234	  
582375	   1177.122	   586.727	   0.000	   613.248	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Area	   1163.987	   571.562	   0.000	   602.961	  
NIP210(DMBAP,H2O)	  
002376	  
735.508	   171.778	   0.000	   384.817	  
592377	   704.147	   164.626	   0.000	   373.305	  
582378	  
674.072	   164.513	   0.000	   353.636	  
Average	  Peak	  
Area	   704.576	   166.972	   0.000	   370.586	  
FIP111(DMBAP,NaOAc)	  
012379	  
849.721	   422.807	   0.000	   367.771	  
002380	   954.273	   493.459	   0.000	   437.291	  
002381	  
913.458	   471.518	   0.000	   408.563	  
Average	  Peak	  
Area	   905.817	   462.595	   0.000	   404.542	  
NIP110(DMBAP,NaOAc)	  
032382	  
407.032	   27.714	   0.000	   266.254	  
032383	   450.562	   29.887	   0.000	   286.061	  
042384	  
458.933	   33.385	   0.000	   297.431	  
Average	  Peak	  
Area	   438.842	   30.329	   0.000	   283.249	  
FIP211(DMBAP,NaOAc)	  
072385	  
894.597	   188.763	   0.000	   135.186	  
082386	   889.029	   227.122	   0.000	   195.834	  
092387	  
896.049	   233.434	   0.000	   251.783	  
Average	  Peak	  
Area	   893.225	   216.440	   0.000	   194.268	  
NIP210(DMBAP,NaOAc)	  
212388	   erroneous chromatogram	  
232389	   1001.161	   347.649	   53.815	   171.633	  
242390	  
1013.179	   345.618	   52.059	   138.851	  
Average	  Peak	  
Area	   1007.170	   346.634	   52.937	   155.242	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Appendix	  5	   Binding	  Assay:	  Selective	  Recognition	  of	  
Phosphorylated	  Substrates	  other	  than	  the	  Imprint	  Template	  
at	  pH	  2.2	  (HPLC	  set-­‐up	  C)	  




Analysis	  of	  t=88h	  fractions	   Peak	  Areas	  (mV/S)	  
Polymer	  
final	  6	  digits	  of	  
chromatogram	  
ID	  
analyte	  iii	  (C,	  











242319	   0.000	   38.869	   651.112	   0.000	  
192320	  
0.000	   34.617	   674.731	   0.000	  
272321	   0.000	   39.443	   700.804	   0.000	  
Average	  Peak	  
Area	   0.000	   37.643	   675.549	   0.000	  
NIP210(DMBAP,H2O)	  
242319	   0.000	   142.844	   788.529	   0.000	  
192320	  
0.000	   145.612	   854.043	   0.000	  
272321	   0.000	   150.630	   852.981	   0.000	  
Average	  Peak	  
Area	   0.000	   146.362	   831.851	   0.000	  
FIP111(DMBAP,NaOAc)	  
492343	   0.000	   33.128	   803.836	   0.000	  
232344	  
0.000	   32.709	   791.193	   0.000	  
	   this	  sample	  only	  analysed	  twice	  (sample	  
handling	  error)	  
Average	  Peak	  
Area	   0.000	   32.919	   797.515	   0.000	  
NIP110(DMBAP,NaOAc)	  
182345	  
0.000	   176.535	   702.173	   0.000	  
152346	   0.000	   177.730	   708.121	   0.000	  
122347	  
0.000	   181.913	   727.859	   0.000	  
Average	  Peak	  
Area	   0.000	   178.726	   712.718	   0.000	  
FIP211(DMBAP,NaOAc)	   182345	   0.000	   128.842	   1033.281	   0.000	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0.000	   129.551	   1057.925	   0.000	  
122347	   0.000	   132.799	   1079.965	   0.000	  
Average	  Peak	  
Area	   0.000	   130.397	   1057.057	   0.000	  
NIP210(DMBAP,NaOAc)	  
492351	  
0.000	   169.669	   1722.434	   144.388	  
422352	  
0.000	   171.822	   1745.132	   135.910	  
352353	   suspect	  air	  bubble	  in	  sample	  vial	  
Average	  Peak	  
Area	   0.000	   170.746	   1733.783	   140.149	  
 
 
Analysis	  of	  W1	  fractions	   Peak	  Areas	  (mV/S)	  
Polymer	  
final	  6	  digits	  of	  
chromatogram	  
ID	  
analyte	  iii	  (C,	  












4.100	   94.395	   1493.397	   72.828	  
502485	   3.634	   95.033	   1525.636	   71.894	  
472486	   1.718	   99.188	   1603.503	   71.213	  
Average	  Peak	  
Area	   3.151	   96.205	   1540.845	   71.978	  
NIP210(DMBAP,H2O)	  
482487	  
39.320	   255.072	   1781.143	   206.255	  
462488	   39.257	   256.946	   1786.356	   204.655	  
452489	   35.891	   257.140	   1795.440	   206.535	  
Average	  Peak	  
Area	   38.156	   256.386	   1787.646	   205.815	  
FIP111(DMBAP,NaOAc)	  
402490	  
10.086	   132.787	   2091.380	   175.920	  
342491	   low	  sample	  volume?	  
272492	   low	  sample	  volume?	  
Average	  Peak	  
Area	   10.086	   132.787	   2091.380	   175.920	  
NIP110(DMBAP,NaOAc)	  
242493	  
73.967	   264.491	   1131.292	   172.190	  
182494	   75.418	   268.264	   1150.648	   172.776	  
122495	   78.169	   303.436	   1173.132	   177.395	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Area	   75.851	   278.730	   1151.691	   174.120	  
FIP211(DMBAP,NaOAc)	  
092496	  
67.829	   287.067	   980.894	   365.693	  
042497	   70.421	   291.045	   987.116	   367.293	  
582498	  
71.392	   298.302	   1013.513	   377.686	  
Average	  Peak	  
Area	   69.881	   292.138	   993.841	   370.224	  
NIP210(DMBAP,NaOAc)	  
562499	  
71.826	   285.843	   743.764	   702.886	  




Area	   71.826	   285.843	   743.764	   702.886	  
Analysis	  of	  W2	  fractions	   Peak	  Areas	  (mV/S)	  
Polymer	  
final	  6	  digits	  of	  
chromatogram	  
ID	  
analyte	  iii	  (C,	  











302522	   19.147	   150.296	   404.991	   347.578	  
242523	   13.732	   150.791	   438.487	   379.128	  
182524	  
18.901	   155.696	   429.033	   371.882	  
Average	  Peak	  
Area	   17.260	   152.261	   424.170	   366.196	  
NIP210(DMBAP,H2O)	  
162525	   282.625	   531.000	   408.041	   702.822	  
112526	   275.021	   517.234	   388.013	   669.306	  
062527	  
252.597	   476.949	   391.917	   629.189	  
Average	  Peak	  
Area	   270.081	   508.394	   395.990	   667.106	  
FIP111(DMBAP,NaOAc)	  
042528	   46.631	   240.474	   414.852	   521.939	  
002529	   40.180	   238.542	   418.646	   526.505	  
552530	  
low	  sample	  volume?	  
Average	  Peak	  
Area	   43.406	   239.508	   416.749	   524.222	  
NIP110(DMBAP,NaOAc)	  
542531	   66.983	   55.311	   140.789	   64.200	  
502532	   low	  sample	  volume?	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low	  sample	  volume?	  
Average	  Peak	  
Area	   66.983	   55.311	   140.789	   64.200	  
FIP211(DMBAP,NaOAc)	  
452534	   112.630	   336.880	   245.018	   569.125	  
422535	  
118.741	   347.919	   246.056	   565.844	  
382536	  
low	  sample	  volume?	  
Average	  Peak	  
Area	   115.686	   342.400	   245.537	   567.485	  
NIP210(DMBAP,NaOAc)	  
382537	   109.210	   307.021	   153.703	   458.288	  
362538	  
109.708	   306.520	   152.940	   458.455	  
332539	  
110.137	   311.123	   161.251	   464.639	  
Average	  Peak	  
Area	   109.685	   308.221	   155.965	   460.461	  
Analysis	  of	  W3	  fractions	   Peak	  Areas	  (mV/S)	  
Polymer	  
final	  6	  digits	  of	  
chromatogram	  
ID	  
analyte	  iii	  (C,	  











042558	   45.013	   200.514	   84.870	   352.104	  
002559	  
40.137	   180.908	   87.217	   345.689	  
562560	   46.103	   193.990	   103.292	   356.058	  
Average	  Peak	  
Area	   43.751	   191.804	   91.793	   351.284	  
NIP210(DMBAP,H2O)	  
562561	   203.516	   328.091	   83.819	   499.220	  
532562	  
202.501	   303.277	   80.371	   489.422	  
502563	   179.485	   289.022	   77.937	   460.532	  
Average	  Peak	  
Area	   195.167	   306.797	   80.709	   483.058	  
FIP111(DMBAP,NaOAc)	  
502564	   27.213	   149.295	   58.013	   288.788	  
472565	  
28.144	   147.442	   60.569	   296.740	  
452566	   26.589	   161.794	   61.403	   301.939	  
Average	  Peak	  
Area	   27.315	   152.844	   59.995	   295.822	  
NIP110(DMBAP,NaOAc)	   332610	   292.675	   312.770	   105.548	   487.543	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309.891	   317.878	   85.025	   497.033	  
292612	   low	  sample	  volume?	  
Average	  Peak	  
Area	   301.283	   315.324	   95.287	   492.288	  
FIP211(DMBAP,NaOAc)	  
302613	  
59.034	   174.936	   60.241	   332.144	  
302614	  
53.459	   174.598	   70.399	   323.647	  
282615	   53.766	   168.710	   57.005	   318.932	  
Average	  Peak	  
Area	   55.420	   172.748	   62.548	   324.908	  
NIP210(DMBAP,NaOAc)	  
302616	  
53.331	   143.112	   36.564	   211.609	  
292617	  
52.963	   142.656	   46.939	   217.833	  
282618	   56.651	   147.489	   43.492	   205.209	  
Average	  Peak	  
Area	   54.315	   144.419	   42.332	   211.550	  
Analysis	  of	  W4	  fractions	   Peak	  Areas	  (mV/S)	  
Polymer	  
final	  6	  digits	  of	  
chromatogram	  
ID	  
analyte	  iii	  (C,	  












49.347	   25.713	   39.875	   91.647	  
042638	   low	  sample	  volume?	  
022639	  
low	  sample	  volume?	  
Average	  Peak	  
Area	   49.347	   25.713	   39.875	   91.647	  
NIP210(DMBAP,H2O)	  
042640	  
16.832	   104.186	   36.316	   96.568	  
022641	   17.238	   104.556	   29.138	   94.761	  
012642	  
low	  sample	  volume?	  
Average	  Peak	  
Area	   17.035	   104.371	   32.727	   95.665	  
FIP111(DMBAP,NaOAc)	  
032643	  
0.000	   30.199	   8.773	   40.615	  
032644	   0.000	   30.459	   17.122	   40.145	  
022645	  
0.000	   32.216	   26.264	   42.395	  
Average	  Peak	  
Area	   0.000	   30.958	   17.386	   41.052	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052646	   16.173	   61.363	   28.241	   79.541	  
052647	  
18.400	   61.683	   21.381	   79.847	  
052648	   20.520	   65.056	   22.714	   83.735	  
Average	  Peak	  
Area	   18.364	   62.701	   24.112	   81.041	  
FIP211(DMBAP,NaOAc)	  
082649	  
0.000	   49.764	   23.577	   74.794	  
092650	  
low	  sample	  volume?	  
102651	   low	  sample	  volume?	  
Average	  Peak	  
Area	   0.000	   49.764	   23.577	   74.794	  
NIP210(DMBAP,NaOAc)	  
142652	  
0.000	   44.028	   8.614	   53.519	  
152653	  
0.169	   46.880	   10.842	   51.364	  
182654	   0.000	   48.839	   12.236	   56.369	  
Average	  Peak	  
Area	   0.056	   46.582	   10.564	   53.751	  
Analysis	  of	  W5	  fractions	   Peak	  Areas	  (mV/S)	  
Polymer	  
final	  6	  digits	  of	  
chromatogram	  
ID	  
analyte	  iii	  (C,	  












0.000	   0.000	   0.000	   0.000	  
042674	   0.000	   0.000	   0.000	   0.000	  
042675	   0.000	   0.000	   0.000	   0.000	  
Average	  Peak	  
Area	   0.000	   0.000	   0.000	   0.000	  
NIP210(DMBAP,H2O)	  
082676	  
0.000	   32.510	   0.000	   31.746	  
092677	   0.000	   27.304	   0.000	   29.325	  
092678	   low	  sample	  volume	  ?	  
Average	  Peak	  
Area	   0.000	   29.907	   0.000	   30.536	  
FIP111(DMBAP,NaOAc)	  
142679	  
0.000	   14.492	   0.000	   0.000	  
152680	   0.000	   15.164	   0.000	   0.000	  
162681	   0.000	   11.665	   0.000	   0.000	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Area	   0.000	   13.774	   0.000	   0.000	  
NIP110(DMBAP,NaOAc)	  
212682	  
0.000	   27.884	   0.000	   0.000	  
232683	   0.000	   28.097	   0.000	   22.483	  
252684	  
low	  sample	  volume	  ?	  
Average	  Peak	  
Area	   0.000	   27.991	   0.000	   11.242	  
FIP211(DMBAP,NaOAc)	  
252685	  
0.000	   20.596	   0.000	   0.000	  
232686	   low	  sample	  volume	  ?	  
202687	  
low	  sample	  volume	  ?	  
Average	  Peak	  
Area	   0.000	   20.596	   0.000	   0.000	  
NIP210(DMBAP,NaOAc)	  
212688	  
0.000	   23.491	   0.000	   0.000	  
192689	   0.000	   24.488	   0.000	   0.000	  
172690	  
0.000	   25.369	   0.000	   0.000	  
Average	  Peak	  
Area	   0.000	   24.449	   0.000	   0.000	  
Analysis	  of	  E1	  fractions	   Peak	  Areas	  (mV/S)	  
Polymer	  
final	  6	  digits	  of	  
chromatogram	  
ID	  
analyte	  iii	  (C,	  











292391	   1080.876	   1121.730	   0.000	   862.954	  
322392	   1116.345	   1141.052	   0.000	   920.680	  
342393	  
1089.707	   1133.298	   0.000	   889.060	  
Average	  Peak	  
Area	   1095.643	   1132.027	   0.000	   890.898	  
NIP210(DMBAP,H2O)	  
392394	   160.130	   87.861	   0.000	   133.806	  
452396	   column	  not	  equilibrated	  
452397	  
column	  not	  equilibrated	  
Average	  Peak	  
Area	   160.130	   87.861	   0.000	   133.806	  
FIP111(DMBAP,NaOAc)	  
462398	   672.038	   640.887	   0.000	   498.159	  
462399	   760.894	   739.805	   0.000	   567.660	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804.631	   759.286	   0.000	   598.567	  
Average	  Peak	  
Area	   745.854	   713.326	   0.000	   554.795	  
NIP110(DMBAP,NaOAc)	  
442401	   317.196	   203.056	   0.000	   310.164	  
422402	  
328.920	   205.848	   0.000	   337.456	  
412403	  
340.106	   225.505	   0.000	   324.112	  
Average	  Peak	  
Area	   328.741	   211.470	   0.000	   323.911	  
FIP211(DMBAP,NaOAc)	  
432404	   1087.535	   827.688	   0.000	   546.577	  
432405	  
942.953	   711.417	   0.000	   472.378	  
422406	  
air	  bubble,	  perhaps?	  
Average	  Peak	  
Area	   1015.244	   769.553	   0.000	   509.478	  
NIP210(DMBAP,NaOAc)	  
452407	   629.508	   457.392	   0.000	   247.721	  
452408	  
655.243	   486.663	   0.000	   266.225	  
452409	  
690.184	   495.738	   0.000	   271.526	  
Average	  Peak	  
Area	   658.312	   479.931	   0.000	   261.824	  
Analysis	  of	  E2	  fractions	   Peak	  Areas	  (mV/S)	  
Polymer	  
final	  6	  digits	  of	  
chromatogram	  
ID	  
analyte	  iii	  (C,	  











412428	   246.947	   191.141	   0.000	   141.150	  
402429	  
250.828	   195.463	   0.000	   143.468	  
392430	   271.924	   210.977	   0.000	   150.350	  
Average	  Peak	  
Area	   256.566	   199.194	   0.000	   144.989	  
NIP210(DMBAP,H2O)	  
422431	   191.371	   115.581	   0.000	   102.768	  
402432	  
212.358	   120.228	   0.000	   114.488	  
402433	   225.430	   133.364	   0.000	   115.160	  
Average	  Peak	  
Area	   209.720	   123.058	   0.000	   110.805	  
FIP111(DMBAP,NaOAc)	   132702	   column	  not	  yet	  equilibrated?	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column	  not	  yet	  equilibrated?	  
132704	   317.690	   190.590	   0.000	   208.738	  
Average	  Peak	  
Area	   317.690	   190.590	   0.000	   208.738	  
NIP110(DMBAP,NaOAc)	  
172705	  
172.415	   61.371	   0.000	   146.961	  
182706	  
158.839	   63.170	   0.000	   130.720	  
182707	   130.993	   55.354	   0.000	   117.770	  
Average	  Peak	  
Area	   154.082	   59.965	   0.000	   131.817	  
FIP211(DMBAP,NaOAc)	  
232708	  
464.281	   204.380	   0.000	   75.979	  
242709	  
low	  sample	  volume?	  
252710	   low	  sample	  volume?	  
Average	  Peak	  
Area	   464.281	   204.380	   0.000	   75.979	  
NIP210(DMBAP,NaOAc)	  
302711	  
316.403	   138.407	   0.000	   112.318	  
332712	  
311.951	   132.877	   0.000	   113.121	  
342713	   310.199	   134.459	   0.000	   117.116	  
Average	  Peak	  
Area	   312.851	   135.248	   0.000	   114.185	  
 
	  
	   	  
Polymer	  
ID	   t=88h	   W1	   W2	   W3	   W4	   W5	   E1	   E2	  
4SE223-­‐
A-­‐plus	   245	   305	   305	   280	   305	   285	   315	   300	  
4SE223-­‐
A-­‐minus	   250	   305	   295	   300	   295	   300	   310	   305	  
4SE223-­‐
B-­‐plus	   250	   290	   285	   310	   285	   285	   315	   310	  
4SE223-­‐
B-­‐minus	   245	   295	   285	   290	   285	   285	   315	   300	  
4SE223-­‐
C-­‐plus	   250	   295	   270	   295	   255	   290	   315	   265	  
4SE223-­‐
C-­‐minus	   215	   320	   295	   290	   315	   325	   285	   310	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Appendix	  6	   HPLC	  Data	  Used	  to	  Construct	  Calibration	  
Curves	  for	  Experiments	  in	  Section	  6.3	  	  (HPLC	  set-­‐up	  C)	  
Refer	  to	  Section	  6.3	  
 
 



















182249	   2118.934	   2246.268	   2274.689	   2813.106	  
152250	   2071.198	   2217.711	   2252.156	   2752.401	  
122251	   2270.018	   2493.651	   2524.015	   3073.134	  
average	  peak	  area	   2153.383	   2319.210	   2350.287	   2879.547	  
0.150	  
142252	   1544.561	   1661.890	   1669.388	   2055.322	  
112253	   1721.455	   1847.567	   1869.730	   2286.498	  
092254	   1803.276	   1920.320	   1946.656	   2377.788	  
average	  peak	  area	   1689.764	   1809.926	   1828.591	   2239.869	  
0.100	  
112255	   1132.119	   1213.268	   1214.429	   1499.838	  
102256	   1221.018	   1312.527	   1315.719	   1624.223	  
082257	   1272.504	   1373.074	   1377.691	   1696.843	  
average	  peak	  area	   1208.547	   1299.623	   1302.613	   1606.968	  
0.050	  
102258	   531.857	   583.423	   579.939	   721.764	  
092259	   593.927	   654.401	   648.314	   800.439	  
092260	   611.843	   683.175	   665.637	   848.299	  
average	  peak	  area	   579.209	   640.333	   631.297	   790.167	  
0.030	  
112261	   324.938	   369.619	   350.094	   456.594	  
112262	   338.163	   379.007	   362.736	   470.533	  
102263	   345.700	   386.857	   374.177	   478.288	  
average	  peak	  area	   336.267	   378.494	   362.336	   468.472	  
0.020	  
142264	   221.259	   250.298	   238.468	   308.160	  
142265	   239.175	   261.320	   252.103	   321.676	  
542266	   245.532	   276.561	   262.699	   341.641	  
average	  peak	  area	   235.322	   262.726	   251.090	   323.826	  
0.010	  
072281	   134.455	   242.429	   129.968	   183.054	  
082282	   129.952	   150.337	   135.205	   204.336	  
082283	   135.822	   155.110	   142.415	   183.123	  
average	  peak	  area	   133.410	   182.625	   135.863	   190.171	  
0.005	  
132284	   80.616	   93.815	   79.322	   108.208	  
142285	   83.399	   96.282	   83.688	   111.962	  
162286	   82.437	   98.964	   86.357	   114.044	  
average	  peak	  area	   82.151	   96.354	   83.122	   111.405	  
0.002	  
212287	   18.428	   36.113	   21.376	   37.324	  
232288	   35.232	   36.113	   23.672	   37.324	  
252289	   22.899	   30.180	   26.550	   34.529	  
average	  peak	  area	   25.520	   34.135	   23.866	   36.392	  
 
	  
